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Abstract
The design, manufacture and testing of a prototype elastomeric equine boot is
described in this thesis. Thoroughbred horses may suffer from a number of serious
hoof disorders. These include stone bruising, navicular syndrome and hoof wall
separation. Excessive concussion in the equine hoof is a major contributory factor in
most of the problems horses experience in their lower limbs. Bandaging of a horses
foot after injury is time consuming as well as being labour intensive.
The proposed boot serves a number of purposes; by replacing bandages during
poulticing it plays a part in faster healing of foot ailments. It can also provide
temporary protection during light working on hard surfaces or at grass. Another
unique feature of the boot is to enhance performance, through optimising shock
absorption and eliminating the need for unsafe fastening devices that are typical of
many designs currently available. The sides of the boot are made up of an elastic
material while the sole of the boot will consist of a wear resilient compound. The
manufacture and moulding of an initial prototype is described, along with a discussion
on how computer simulated models of horse movement were generated. The
measurement and digitising of a typical horses foot and its modelling using computer
software is discussed. Thereafter, manufacture and moulding of an initial prototype is
described along with a discussion on how computer simulated models of horse
movement were generated.
The manufacture of prototype boots culminated in a series of field tests. The field test
procedures are discussed and the results of these are compared with a finite element
analysis (FEA) model of the boot. Finally, conclusions identifying the significant
elements of the design, production and evaluation of a novel equine boot are offered,
followed by proposals and recommendations for further work.
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Chapter 1 Introduction

1.1 The motivation for the research programmme
All breeds of horses can suffer from a number of serious hoof disorders. These
include stone bruising, navicular syndrome and hoof wall separation. Excessive
concussion in the equine hoof is a major contributory factor in most of the problems
experienced by horses in their lower limbs. A number of different types of hoof boot
are currently marketed which are an attempt to treat some of the problems. However,
none are wholly successful. Of the several equine boot products currently available
on the market, all suffer from limitations [1]. Some have too many components,
resulting in high manufacturing costs. These high costs translate into high prices for
the consumer. The extra components on these products are usually associated with
fastening mechanisms. Additionally, these fastening mechanisms can cause irritation
and in the long term possible infection, due to the sensitive nature of the fleshy
anatomy of a horses hoof. Areas of the hoof, such as the coronet band and the heel
bulbs are prone to inflammation when subjected to excessive friction from foreign
materials. Also, poor fastening devices may cause products to come off in muddy
conditions. Existing boots also suffer from limitations in terms of conformation
issues. Horses whose legs may strike one another during walking or trotting may
have difficulty adapting to using these products. All the existing products may not be
left on a horse for greater than twenty four hours, due to the risk of bacterial growth
inside the boot. While it is desirable for the foot to be enclosed during poulticing, the
design of many of these boots make them impractical for this application.
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1.2 Aims and objectives
The main objectives of this research were to design and manufacture a prototype boot
which will play a part in faster healing from foot ailments and which has the potential
to be developed further, thereby creating a product providing greater comfort to the
horse, at lower cost to the consumer.
The boot will serve a number of purposes; its main function will be to play a part in
faster healing of foot ailments, primarily as a poultice boot. Horse owners and farriers
are reluctant to use existing boots, because of their expense and also because of their
complicated fastening mechanisms. By producing a cheap, reusable boot that can
replace bandages and significantly reduce the time taken to apply poultices, the boot
will cater for a larger market. The boot may also provide temporary protection during
light working on hard surfaces or when the animal is at grass. The potential of the
boot to be used for leisure riding was also evaluated. Another unique feature of the
boot is to eliminate the need for unsafe fastening devices that are typical of many
designs currently available. Any fastening devices will be made from soft materials
that will cause minimal damage. The boot will be made of an elastic material with
good resistance to wear and abrasion. An important feature of the boot should be that
it is inexpensive, but also reusable. Another important outcome of the research will
be to produce a software simulation tool that will be used by other boot/shoe
designers to determine boot configuration and optimise the performance of the
materials used in their products.

1.3 Design criteria for the boot
During walking or trotting on hard surfaces such as roads, the hoof is subject to
concussive forces greater than those experienced on softer ground. Horseshoes,
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usually made from steel, as well as harder plastics, used in many existing boots, are
obviously not the optimum materials for absorbing shock loads during contact with
these hard surfaces. An elastomeric material will dissipate shock loads far more
efficiently than steel or hard plastic and provide much better traction with little or no
change in the weight of the foot protection. An important property of the elastomeric
material must be wear resistance.
A literature review of the current products on the market gave an insight into what
was required in the boot design. The design and manufacture of an equine boot in this
research project was required to fulfil the following design criteria.
The main requirements of the equine boot were to:
i. assist in faster healing after treatment for foot ailments.
ii. have the potential to be developed further for use as a temporary protection
during light work (trotting on roads or hard surfaces, for example), or for short
periods while horses are without permanent shoes at grass.
iii. act as a temporary protection for the horses hoof when a conventional
horseshoe is lost.
iv. ideally have performance improving capabilities by optimising shock
absorption and the functioning of the equine foot.
v. have the ability to stay on and avoid rubbing and causing excessive damage to
the hoof.
vi. be designed to eliminate fastening devices, or if not feasible, be designed to
avoid causing accidental damage.
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vii. possess a structure constructed from a highly elastic material to grip the wall
of the hoof. The sole of the boot will require a far more durable yet flexible
material capable of withstanding considerable abrasive force.

The initial proposal was for the boot to be made of a highly elastic material e.g.
Natural Rubber (NR) of hardness IRHD 40 (International rubber hardness degree). It
was proposed to make the sole from a more wear resistant material, such as Neoprene
or Ethylene-Propylene-Diene Polymer (EPDM, hardness 70 IRHD). NR has the best
general mechanical properties of all elastomeric materials, while neoprene and EPDM
offer good resistance to wear and environmental damage, such as ozone cracking.

1.4 An overview of the research
This text outlines the different activities required to achieve the primary aims of the
research. These activities are listed below, but are described fully in the body of the
text.
•

Literature review, including market research and analysis of foot disorders
(Chapter 2).

•

Generation of computer simulated models of horse movement (Chapter 3).

•

Manufacture and moulding of an initial prototype (Chapter 3).

•

The measurement and digitising of a typical horses foot (Chapter 3).

•

Computer modelling of the horse’s foot (Chapter 3).

•

Manufacture of a computer machined mould and moulding of further
prototypes (Chapter 3).

•

Examination of the performance of different materials and boot design
features, evaluated using finite element analysis (FEA) (Chapter 4).
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•

Use of Rapid Prototyping in the visualisation of future boot designs (Chapter
5).

•

Field test procedures and discussions of the outcomes of the tests, comparing
them with the results of computer simulated models (Chapter 6).

As a result of the research, a novel effective elastomeric hoof boot is proposed. The
further experimental and development work required to progress from the initial
prototype to a marketable product is delineated (Chapter 7).
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Chapter 2 Literature survey and market survey

2.1 Introduction
An extensive literature survey was carried out at the beginning of the project. This
had a number of aims:
i. To investigate the size of the potential market for the product
ii. To produce a critique of products already available.
iii. To make a full assessment of horse hoof ailments.
iv. To consider existing studies in the area of equine research.
v. To determine the physical properties of elastomeric materials.

2.2 Market Research
In Ireland the use of hoof boots as an alternative means of foot protection is
uncommon. In Continental Europe, North America and Australia the use of equine
boots has become more commonplace. Boots are used as alternatives to shoeing, in
aiding the horse in transition from being in the unshod and shod condition and visa
versa, as treatment of conditions arising from excessive concussion, such as laminitis
and as precautionary protection when trail riding [1].
There are many existing boots currently on the market [2-8], and there are a number
of problems associated with these existing designs. They are invariably expensive,
are unsuitable for horses with gait abnormalities (limbs striking each other during
motion), have dangerous and inefficient fastening mechanisms and damage the tissues
of the foot when excessive pressure is applied.
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2.2.1 Survey of Irish horse owners and farriers
A number of Irish horse owners, farriers and trainers were surveyed using two
separate questionnaires. Farriers who were surveyed provided information regarding
the number of shoes they used per week and the cost of shoeing a horse with steel
shoes. They described the problems caused by steel shoes and how these problems
were treated. They listed the different types of steel shoes which are available to treat
lameness in horses, as well as alternatives to steel shoes and a comparison of how
these alternatives performed.
Horse owners and trainers who were surveyed provided information in respect of the
types and numbers of horses in their care. The number of horses which were shod
were compared with the numbers which were unshod. They were asked about their
experiences with equine foot disorders and shoeing related problems. They described
how they treated horses in recovery from lameness related injuries. They were asked
if they had used alternatives to steel shoes and how they found the respective
products. Approximately 200 experts in the area of horse breeding and training were
surveyed, and their answers were collated and analysed.

2.2.2 Discussion of survey results
Of all the horse owners who were surveyed, 82% had not used products other than
steel shoes to protect their horses feet. Of the 18% who had, none were satisfied with
the respective products. There are approximately 70,000 horses in Ireland, 600,000 in
the UK, more than 3m in Australia and 6.9m in the US [9]. The average cost of
shoeing one horse for one year is €500-€800. There were a range of responses from
farriers and horse owners. Irish horse owners spend between €35m and €50m per
year on shoeing. While the boot is not intended to replace steel shoes in the field of
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performance use, the high frequency of foot injuries in horses, as shown in Figure 2.1,
demonstrates that the potential requirement of a medical hoof boot is self-evident.

Have you ever experienced any problems with
equine foot disorders?

Have you ever used alternatives to
shoeing?

6%

6%
12%

24%

yes, plastic
shoe
yes, glue-on
shoe

Yes
No

no

Rarely
70%

82%

Figure 2.1. Survey Results

2.3 Existing Boot designs
A number of existing boot designs were reviewed on their respective websites [2-8].
In the case of one commercial product, the Easyboot, one was purchased and
subjected to a visual and physical inspection.

2.3.1 Old Mac’s
This boot, as shown in Figure 2.2, is made from a number of different components.
The boot is attached to the hoof by tightening a strap around the back of the fetlock.
The sole of the boot has a tread design. The part of the boot surrounding the coronet
consists of a soft material in order to minimise irritation to this area of the foot.
Information on the Old Macs website [2] states that the boot should not be used when
riding horses that suffer conformation and/or gait abnormalities. These include overreaching, forging, cross-firing, toe dragging and hoof twisting all of which occur
when the hoof is under load.
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Also it is recommended that Old Mac's boots should not be left on any horse longer
than twenty-four hours at a time. This is due to the risk of bacteria build-up from
sweating. The price quoted on the website per boot was $129.

Figure 2.2. Old Mac’s Hoof Boots

2.3.2 Easyboot
On the basis of much discussion on the Internet between users of equine boots, the
Easyboot (Figure 2.3) is the most commonly purchased equine boot. The boot is most
popular in North America, where it is used as foot protection during trail riding.
The Easyboot has a tread portion covering the entire bottom of the horse’s hoof, while
the sides of the boot are designed to conform to the shape of the hoof wall. The boot
is held in place by the use of a flexible cable that is fastened at each end to the front
portion of the boot. The tension on the cable is varied by adjustment through a slotted
component. In addition to the clamping mechanism, the inside of the boot also has
downwardly slanting projected barbs for the purpose of keeping slippage to a
minimum. However, users have expressed concerns over some design aspects. On
one website [6] they complained that in particular cases the boot rubbed the coronet
bands and heel bulbs and put pressure on the hoof quarters, which is extremely
uncomfortable for the horse. Another complaint was that the metal clamps could
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damage the hoof wall at the quarters. As with the Old Mac’s the boot could not be
left on for more than twenty-four hours. An Easyboot sells in Ireland for €60 per boot
[3].

Figure 2.3. Easyboots

Other boots on the market include the Sabre Sneaker, the Davis Barrier Boot, the
Equiboot, Horsneakers and Swiss Horse Boots. All have similar problems in their
design as discussed in sections 2.3.1 and 2.3.2.

2.4 Common hoof problems experienced by horses
The anatomy of a horses hoof and lower leg is shown in Figure 2.4. In order to design
the boot correctly, it was important to have a good knowledge of the mechanics of the
equine hoof. Information relating to the various hoof ailments was referenced from a
number of Internet sources [10-13].
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Figure 2.4. Anatomy of hoof
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2.4.1 Corns
Corns occur in the front feet and appear as a bruise of the sole in the angle between
the wall of the foot and the bar. Corns are caused by pressure and can be the result of
a stone becoming wedged, faulty shoeing or shoes having been left on too long. The
condition can be complicated by the presence of infection, in which case poulticing
will be necessary.

2.4.2 Laminitis
Also known as ‘founder’, laminitis is a painful condition resulting from inflammation
of the laminae. The feet become hot and the horse adopts a typical leaning back
stance in order to take the weight off the front of the forefeet. Although the
pathological cause is not completely understood, laminitis is associated with
excessive concussion and the presence of inflammatory toxins which damage the
blood vessels, particularly those in the feet [10]. It is often the result of faulty diet.
One of the dangers of laminitis is the possibility of pedal bone rotation. Good foot
care is vital. Corrective trimming will help restore the structures of the foot to its
normal alignment and will limit the rotation of the pedal bone [13].

2.4.3 Navicular Disease
Navicular Disease is believed to be the result of poor foot conformation and/or
concussion, caused by hard work. Bone changes occur; shuttled-shaped bone, which
acts as a fulcrum for the deep flexor tendon in the region before the tendon, attaches
to the underside of the pedal bone. In most cases both forefeet are affected [10,13].
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2.4.4 Pedal Osteitis
Pedal Osteitis is an inflammation of the pedal bone. It is often the result of jarring
(excessive shock forces to the hoof) but can also develop after an attack of laminitis
or following puncture injuries to the sole of the foot [10].

2.4.5 Ringbone
Ringbone is an abnormal bony growth occurring either at the centre of the pastern
(high ringbone) or around the coronet (low ringbone). It is usually caused by injury.
There is heat and swelling and the horse may have a shortened stride and tend to
display lameness when turned sharply [10].

2.4.6 Sand Crack
Sand cracks are breaks in the wall of the hoof and may occur anywhere between the
coronet and the ground surface of the foot. They may be the result of injury, poor
nutrition, an overdrying of the hoof, or lack of regular trimming by the farrier.
Lameness may result if the crack is serious [10,11].

2.4.7 Seedy Toe
Seedy Toe is a condition in which the wall of the foot parts from the sole at the white
line. It may be the result of bruising of the toe area or pressure from the clip of a
shoe. Sometimes it follows laminitis [10,11].
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2.4.8 Side Bone
Side Bone results when the lateral cartilage of the foot becomes ossified (converted
into bone). The ossified cartilage can be felt at the junction of the hair and the hoof in
the area of the quarter of the hoof. Sidebones are usually caused by concussion.
Heavy or commonbred horses are the most susceptible. The horse may be lame while
the cartilage is ossifying and sometimes lameness persists once the sidebones have
developed because of pressure on the wall of the foot [10].

2.4.9 Thrush
Thrush is usually caused by bad stable management (dirty bedding and failure to pick
out the feet regularly). It is easily detected by a foul smell coming from the frog,
which is moist and may have a black discharge. The affected area of the frog must be
opened out to expose it to the air and treated with antiseptics [10].

2.5 Studies of concussion on the horse’s limbs
Serious hoof disorders are more common in thoroughbreds than in other horses.
Disorders include stone bruising, navicular syndrome and hoof wall separation.
Excessive concussion in the equine hoof is known to be a major contributory factor in
most of the problems horses experience in their lower limbs. Minimising concussion
is a critical requirement as the following statements indicate:

The hoof undergoes rapid deceleration once it strikes the ground, resulting in a shock
wave being sent through the horses’ leg. This shock has a high amplitude and
frequency of vibration, thereby making it particularly damaging to bones and joints.
In horses, the moment of hoof impact is the most important phase of the stride with
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relation to the onset of joint diseases such as arthritis, which is the most frequent
cause of premature retirement in dressage and show-jumping horses [12].
It is widely known that it is the front legs of the horse that suffer most from
concussion. This is because they carry the greater proportion of body weight. They
also take the full weight of the horse and rider when landing from a jump. This is
reflected in the higher incidence of concussive lameness in the forelimbs [13].

2.5.1 Existing motion studies
A great deal of research has been published regarding how horses’ hooves behave
during walking and trotting [12-26]. Clayton [12] has detailed how equine motion
studies are conducted experimentally.
Using video techniques, the motion or kinematics of a horse’s limbs can be
determined, quantified and consequently studied in more detail. High-speed video
equipment is used to collect the kinematic data, while a force platform is used for
collecting external ground reaction forces. The motion of the limb during locomotion
is assumed to be primarily two-dimensional and the data collected focuses on the
motion and forces in this sagittal plane. Reflective markers are placed on the various
joint locations on the limb of the horse (fetlock, shoulder, etc.). The limb is modelled
as a series of segments linked together by frictionless hinge joints. When the limb is
on the ground, the external forces acting on the end of the hoof are measured using
the force plate. When the limb is in the air, the forces acting on the hoof must be zero
to accord with the laws of equilibrium.

2.6 Selection of rubber as a material
The terms elastomer and rubber are scientifically identical and interchangeable.
Rubbers exhibit the virtually unique property of being able to withstand high levels of
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strain without suffering permanent deformation or fracture. These properties make
elastomers fundamentally different from most other solid materials.

2.6.1 Rubber types and vulcanisation
Rubber can be natural or synthetic. Natural rubbers (NR’s) come from the latex
contained by some trees and plants. In its raw state its use as an engineering material
is limited. However, by chemically cross-linking the molecular chains that are
present in the rubber, an improvement in the mechanical properties can be achieved.
The process of linking molecular chains of rubber together using short chains of
sulphur molecules is known as vulcanisation or curing and was discovered by Charles
Goodyear in 1839. Vulcanised rubber is stronger and less sensitive to temperature
changes than raw rubber while retaining a high degree of elasticity. Chapter 4
describes the physical properties of rubber.

2.6.2 Use of fillers in rubbers
The majority of rubbers used for engineering applications contain one or more fillers,
generally carbon black, which may comprise up to one-third of the total volume of the
material. There are three types of carbon black fillers. Reinforcing or abrasion grade
carbon blacks improve the tear and abrasion properties compared to unfilled rubber as
well as increasing the modulus, hysteresis and creep. Non-reinforcing or thermal
carbon blacks have little effect on tear and abrasion and only give moderate increases
in modulus, hysteresis and creep. Semi-reinforcing carbon blacks provide properties
intermediate to the other two types. Non and semi-reinforcing carbon blacks can be
added in greater amounts than reinforcing blacks. Other fillers such as silica are
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sometimes used. Antidegradants, which prevent deterioration by oxygen, ozone and
sunlight, may be added when curing rubbers [27,28].
After compounding, the rubber is sheeted, cooled and stored before being made into
the required shape. This may be by calendaring to give sheets, which can be plied
together for increased thicknesses; by extrusion for tubes, rods and complex profiles;
or by compression, transfer or injection moulding. The usual method of fabrication is
to vulcanise under pressure in a mould at a temperature of at least 140°C.
Vulcanisation takes from a few minutes to several hours depending upon the type of
vulcanising system used, the temperature of vulcanisation and the size of the article.

2.7 Summary
Many of the hoof problems experienced by horses and described in this text are a
result of excessive concussion to the hooves. This can be caused by trotting on hard
ground, as a result of poor conformation or because incorrect shoeing techniques have
been applied. As a number of studies of how the hoof behaves under load already
exist [12-26], simulating the forces acting on the hoof can be verified using published
information. The creation of the simulation design tool can enable designers to
compare different materials when choosing the appropriate compound to be in contact
with a horse’s hoof. Also, improving the simulation tool will enable a more detailed
investigation of how different materials affect the transmission of concussive forces
through the hoof. The ability of rubber to withstand complex deformations along with
a high coefficient of friction and an ability to efficiently dissipate energy make it a
valuable engineering material and it was for these qualities that rubber was the first
choice material to be used in the design of the boot.
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Chapter 3 Computer modelling and manufacture of prototypes

3.1 Introduction
Initially, it was proposed to produce handmade boots from a sand cast mould prior to
manufacture of a conventional machined mould. The reasons for this were twofold.
Firstly, a handmade mould would be inexpensive to produce. Secondly, the time
required to make a mould of this type was much shorter than that of a machined
mould. The sand cast mould was created from a plaster model of an equine hoof.
From this sand cast mould, preliminary prototypes were manufactured.
The plaster model was also used to create a three-dimensional computer model of the
hoof in Rhinoceros, a three-dimensional CAD package. The computer model of the
hoof was then used as a basis for the design of a computer machined mould, as well as
providing models for use in the finite element analysis (FEA). The designed mould
was developed for producing prototypes from different materials. Initially the mould
was machined as a compression mould, but it can be modified for use as a rotational
mould and an injection mould. Boots produced using this mould were expected to be
of better quality than those from the sand cast mould, as the machined mould would
be sealed properly, minimising porosity in the rubber.
Further physical and computer modelling procedures were carried out in an attempt to
improve the design of the boot. Firstly, the behaviour of the horses limb in motion
was simulated, in order to attempt to gauge how the hoof interacted with the ground
during the walking phase. This simulation of the equine limb was combined with the
solid model of the hoof.
The hoof that was used to manufacture the plaster hoof model was sectioned for the
purposes of investigating the size and position of the internal components of the foot.
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By tracing the sections and modelling each anatomical part, it was thought that it
would be possible to attempt more realistic FEA of the hoof.

3.2 Plaster Model creation
A plaster model of the equine lower limb was created. This model served two
purposes; firstly, it was used to digitally represent a computer model of the equine
hoof and secondly, hand-made prototype boots were manufactured from the model for
the purposes of material selection and pursuing different design concepts. Equine
limbs were obtained from an abattoir. A hoof was then chosen from several others as
being a good representation of a typical horses hoof, with regard to size, shape and
conformation.
The hairline around the coronet band and also the hair around the heels were shaved.
This was to ensure that the plaster cast did not stick to the hair. Figure 3.1 shows the
process of creating the final plaster models. Figure 3.1 (a) shows the hoof prior to the
first casting. The shoe was still in place when the hoof was first cast.
After shaving the hair, the hoof and the leg were lightly covered in petroleum jelly, so
that the mould could be removed without it being damaged. The Plaster of Paris was
applied to the hoof, with particular attention being paid to the detail on the sole and
the heel bulbs.
The mould was left to dry in air for 12-14 hours. When the mould dried, it was cut
through the centre (nominal axis of symmetry) with a grinding disc 2mm in thickness.
The two parts of the mould were then removed from the limb and left to dry further at
ambient temperature (Figure 3.1 (c)). Consequently the finished mould had a gap of
2mm at the nominal axis of symmetry, due to the thickness of the grinding disc.
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Following the casting of the hoof with the shoe in place a second mould was prepared
(Figure 3.1 (d)). The leg was thoroughly cleaned and the shoe was removed. The leg
was again lightly covered in petroleum jelly. The Plaster of Paris was applied in the
same manner as before, before filling the mould with casting plaster once more.
Again, 12-14 hours elapsed before the mould was removed. The finished mould was
removed and placed alongside the first mould prior to pouring the plaster.
The mould was coated with petroleum jelly. This acted as a release agent, so that the
mould could be separated from the casting. The mould was then put back into one
piece, using strips of plaster of Paris. It was left to dry for a short time.
The plaster was thoroughly mixed and poured into the mould. The mould was then
briefly vibrated, in order to remove any air pockets that might be in the liquid plaster.
The mould was left to dry overnight. After drying, the mould was cut down the centre
with a trimming knife. The two halves of the mould were then separated, and the
casting removed, as shown in Figure 3.1 (e).
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(a)

(b)

(c)

(d)

(e)
Figure 3.1. How the plaster moulds and models were created.
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3.2.1 Making the prototypes
Hand-made prototypes were manufactured following the successful casting of the
plaster hoof. It was proposed to make a hand-made aluminium mould by sand-casting
the plaster hoof. This would constitute the core/male section of the mould. The
female section of the aluminium mould was manufactured as described below.
A 5 mm layer of plasticine was placed around the hoof in order to sand-cast the
female part of the aluminium mould.
Thereafter the plasticine was rolled into 30 mm x 5 mm thick strips and the plaster
hoof was covered completely until there was an even amount covering the plaster
hoof.

Figure 3.2. Hoof covered in plasticine.
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The covered hoof was then coated in plaster of Paris, in the same manner as before.
The plaster cast was allowed to set and was then removed. Figure 3.2 shows the
covered hoof and the plaster cast. Even when sand-cast in aluminium, the female part
of the mould would require reinforcement. This was achieved in the following
manner:
A wooden shutter was constructed and the plaster cast was put inside it. This meant
that the outside shape of the prototype would be set inside a solid block of material.
Plaster was then mixed and poured over the outside of the cast. This was carried out
on both sides.

3.2.2 Sand Casting
The plaster hoof and the plaster mould were then cast in aluminium using the sand
casting process. The plaster component was placed inside a steel box and filtered
sand was thrown on top of it. The sand was built up and was then packed around the
shape. Identical boxes were placed on either side of the first box and were also
packed with sand. A pipe hole was bored on one side of the mould.
The mould was then separated and the plaster shape was removed. Molten aluminium
was poured through the pipe hole and the mould was allowed to cool for
approximately one hour. The mould was then opened and the component was
removed. The aluminium piece was fettled and any excess metal was removed.
The three components, the hoof and the two female parts of the mould were sand-cast
in the same manner. Figure 3.3 shows the handmade aluminium mould, with pins
locating the hoof/core inside the mould.
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Figure 3.3. Aluminium mould.

The mould was taken to DIS Enbi Seals, a rubber moulding company, where the
rubber used for the prototype and described overleaf was blended and the prototypes
were produced.

3.2.3 Prototype Manufacture
Figure 3.4 shows the rubber sheeting after blending and table 3.1 shows the list of
ingredients. Natural Rubbers of two different hardnesses, IRHD 40 and 60, were
blended. Both contained EPDM, (Ethylene-Propylene Diene Monomer) for the
purpose of improved resistance to environmental damage, such as ozone cracking.

Figure 3.4. Blended rubber prior to moulding.
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No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

MATERIAL
Brown Crepe
Keltan 509x100
Struktol 60NS resin
TMQ
Aktiplast F
Zinc Oxide
Stearic Acid
Vulkanox OCD
Vulkazon AFS
Ultrasil VN2
Si 69
PEG 4000
BCBS
TMTD 80
SUPPHUR 80

MIX 1 (40 IRHD)
MIX 2 (60 IRHD)
pphR
pphR
75.00
75.00
50.00
50.00
3.00
3.00
1.00
1.00
0.50
0.50
5.00
5.00
2.00
2.00
1.00
1.00
1.00
1.00
35.00
0.50
3.00
1.50
1.50
0.60
0.60
2.00
2.00

TOTAL

181.10

142.60

Table 3.1. Ingredients used in the blending process (Source: DIS EnbiSeals,
Portlaoise, Co. Laois)

Both rubber blends were cured at 165°C for 6 minutes.
The parts of the mould were left on the heating press until they had reached a
temperature of 170°C (Figure 3.5).
The mould was assembled and was clamped between the two heating plates.
The assembly was left for approximately one hour, in order for the mould to reach a
uniform temperature.
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Figure 3.5. Heating of the mould.

Figure 3.6. Mould filled with rubber.
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The rubber was cut into strips and placed around the core part of the mould as well as
the inside surface of one side of the mould (Figure 3.6).
The two parts of the mould were combined and the assembly was pressed together. It
was left to cure for 15 minutes at 168°C.
There were a number of problems that arose during the moulding process. Some of
the rubber escaped through the hole in the top of the mould. Figure 3.7 shows a
sample of the prototype that was manufactured from the 40 IRHD rubber.

Figure 3.7. Sample of rubber showing areas of porosity.

Because the hole was in the top of the mould, the rubber part was not cured under the
ideal pressure conditions. This led to the rubber having a spongy quality, and poor
mechanical properties.
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3.3 Three-dimensional computer modelling of the hoof
As a result of the poor mechanical properties of the boot manufactured from the sand
cast mould, it was proposed to create a 3-dimensional computer model of the hoof
using the plaster hoof model. The solid model was created to fulfil a number of
objectives. Firstly, it could be imported into the MSC Marc FEA package, where
contact between hoof and ground could be simulated, thus showing where
strengthening will be required in the boot and also where the material properties
should be varied in the sole. Secondly, the hoof model could be used in the
manufacture of moulds for the boot, where it would form the core part of the mould.
By scaling the model it would also be possible to create a standard range of sizes for
the boot.

3.3.1 Scanning using the Microscribe Stylus
Figure 3.9 shows the Microscribe stylus which was used to scan the plaster model.
The hoof was mounted on a timber base (Figure 3.8), which reduced movement of the
model during scanning.
The stylus was linked to Rhinoceros software and the digitise option was selected.
The stylus was traversed over the plaster model in horizontal and vertical movements.
These movements created a series of curves in the Rhinoceros viewports. A footpedal
was connected to the stylus. By pressing the footpedal, a new curve was started after
completing the previous one.
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Figure 3.8. Plaster model on timber base.

Figure 3.9. Microscribe Stylus
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Surfaces were then created from the curves. However, the digitisation of the hoof was
imprecise and there were many inconsistencies in the model. Due to slight
inaccuracies in the measuring instrument, it was not possible to join the digitised
surfaces together as shown in Figure 3.10. The model could not be used in mould
design or in the finite element analysis.

Figure 3.10. Model which was created using the Microscribe stylus.

3.3.2 Scanning using Renishaw Cyclone
As a result of the unsatisfactory model, it was proposed to create a number of surfaces
using a Renishaw Cyclone scanner (Figure 3.11). The plaster model of the hoof was
mounted on the Cyclone scanning machine. The sole of the hoof was the first surface
to be scanned. The scanning probe was given limits to scan within. For the sole of
the hoof, these limits were the width of the hoot in one direction and the length of the
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hoof in the other direction, with an arbitrary tolerance added in. Figure 3.12 shows
the scanned hoof sole with the tolerance present. The probe then scanned the surface,
along a straight path. When the path was finished, the probe moved 0.2mm in the
transverse direction and traced a new path. The model was then rested on its side, at
90 degrees to the hoof surface and the same procedure repeated. The side of the hoof
was scanned. This was repeated for the other side of the hoof. Finally, the back of
the hoof, which contained data for the heels of the hoof, was scanned.

Figure 3.11. Renishaw Cyclone Scanner

Figure 3.12. Scanned surface of the hoof sole.
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3.3.3 Creating the solid model
It was now necessary to combine the four scanned patches and create surfaces from
them. The scanner could not export the patches into Rhinoceros as surfaces.
Therefore the patches were imported in .dxf form as series of curves 0.2mm apart, the
preset tolerance of the scanning probe. Figure 3.13 shows how the side of the hoof
and the heel scan were combined. The patches had to be aligned relative to each
other. As the figure shows, there was some similar data which was contained in both
patches. Duplicate curves had to be trimmed and joined together. This was
performed on all four patches until there were a series of curves which had good
alignment and did not contain duplicate curves.

Figure 3.13. Alignment of the heel and side hoof scans.
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Some of the duplicate curves had to be removed completely to avoid the model
becoming too complex and confusing. Figure 3.14 shows the aligned curve patches
prior to the surface creation.

Figure 3.14. Aligned curve patches

Figure 3.15. Detecting naked edges in Rhinoceros.
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Using the ‘Loft’ command the surfaces were created over the curves. Two surfaces
were created, the hoof sole, and the hoof wall and heels. To remove any
inconsistencies and generate a solid the ‘join naked edges’ command was used. There
were a number of naked edges in the model, highlighted in yellow in Figure 3.15.
These naked edges meant that the CAD program would regard the model as two
separate entities. By joining the surfaces together and closing the model, the hoof was
now represented as a three dimensional solid. The rendered solid model is shown in
Figure 3.16.

Figure 3.16. The rendered solid model created in Rhinoceros
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3.4 Generation of mould image using CAD/CAM and prototype manufacture
The sole surface of the hoof model, which contained surface data for the frog was
removed. It was replaced with a smooth surface as shown in Figure 3.17. This would
make the inside surface of a boot produced from the mould flat and of a uniform
thickness.

Figure 3.17. Hoof model with a flat sole surface

The model was then split through the centre, as shown in Figure 3.18. One half was
removed and the other half was mirrored and joined to the remaining half. This
ensured that the mould consisted of two identical halves, and would guarantee that the
mould was completely sealed.
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Figure 3.18. Split and mirrored symmetrical model.

Next, the model was copied, with one copy being scaled so that there would be a 5
mm gap between the original size of the model and the new, larger model (Figure
3.19). This 5mm gap was where the rubber would fill the mould.

Figure 3.19. Rendered view, showing the original model inside the new, scaled
model.
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The sole of the larger model was extruded a distance of 10mm. This created a 10mm
sole in the moulded product. The planar curve at the base of the model was extruded
10 mm, creating a new surface. The new surface was joined to the existing model as
shown in Figure 3.20.

Figure 3.20. Scaled model with 10mm sole added.
The surfaces which were required for the computer aided machining of the mould are
shown in Figure 3.21. The side surface with the 10mm sole would form the female
part of the mould, while the original sized hoof model with the smoothed sole surface
would form the core part of the mould.

Figure 3.21. Surfaces used in the machining of the mould.
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3.4.1 Machining the mould
The female part of the mould was designed as follows:
The hoof model was imported into a CAM package. A 50mm extrusion was added to
the model, to provide sleeving that allows easier attachment of the boot. The hoof
surface was machined from the mould in the form of a cavity which was larger than
the core piece. Figure 3.22 shows the female part of the mould with the cavity
machined from it. The top and bottom of the mould were machined flush with the
surfaces of the cavity. The mould was then sealed at the top and bottom using
aluminium plates and cap screws.

Figure 3.22. Female mould cavity machined into aluminium block

A rectangular pocket 150mm x 120mm x 12mm was removed from the top of the
female part of the mould. The purpose of this was to provide location for the core and
to allow it to slide up and down.
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The aluminium core was machined from two blocks. The two machined halves were
then joined together using 8mm dowel pins. A plate of dimensions 150mm x 120mm
x 12mm was bolted to the top of the core piece. The plate was keyed into the 12mm
pocket in the female part of the mould.

3.4.2 Manufacture of prototypes using machined mould
The finished machined mould was transported to DIS Enbi Seals in Portlaoise, Co.
Laois. Due to limitations in the availability of NR at the time, the prototype was
manufactured from EPDM. The mould was placed on the heating press for
approximately 90 minutes and was heated to a temperature of 190°C, the curing
temperature for the EPDM. After the temperature had become uniform in all parts of
the mould, a release agent, cellulose, was applied to the relevant areas and the
uncured EPDM was placed inside the cavity and around the core, in sheet form. The
mould was placed on the press, and the EPDM was compressed at a pressure of 50
Bar. The product was left in the press for approximately twelve minutes, in order to
allow the rubber to vulcanise. The mould was removed from the press and the
product was removed.
As the mould was manufactured from aluminium, the overall strength of the mould
was lower than that of a steel mould. The reason aluminium was chosen as the mould
material was due to the unavailability of steel at the time of manufacture. A steel
mould could produce products capable of being moulded at much higher pressures, of
the order of 200 Bar, giving better material quality combined with a longer mould life.
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3.4.3 Modifying the mould
When moulding the first set of boots, the bottom plate of the mould failed, due to a
cantilever action on the plate, caused by the fact that the bottom plate had two bolts
holding it in place, instead of four. The rubber was acting on this plate, with a
pressure acting at a distance approximately 50mm away from the bolts. Figure 3.23
shows the mould pressure, in red arrows, acting on the mould plate. As can be seen,
the plate is only supported in the area with the two holes. This caused the cantilever
action which resulted in this part of the mould failing prematurely.
Internal Pressure

Plate is bolted to main
body of mould

Centreline of
mould

Figure 3.23. Failure of the mould plate.
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To remedy this design fault, a set of 12.5 mm steel plates were bolted to both sides of
the mould. These plates held the bottom plate securely in place, as well as providing
added reinforcement to the top plate. Handles were also added to the steel plates to
allow easier assembly of the mould and removal of the cured product. Figure 3.24
shows the modified mould.

Figure 3.24. Reinforced mould with handles for easier mould assembly.

3.4.4 Preparation of the rubber before moulding.
The raw natural rubber was run through the mill. The distance between the two
milling rollers was adjusted until the desired amount of mechanical work was being
carried out on the rubber. Silicon filler was added to the rubber during the milling
procedure. When the rubber was milled to an extent where it was of an even texture
and composition throughout, it was removed from the mill.
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Tests were carried out in the lab of the curing time of the rubber, prior to moulding, as
shown in Figure 3.25. The rubber began to reach its cured composition after
approximately 30 seconds. Varying some of the ingredients during blending would
alter this time, depending on quantities.

Figure 3.25. Curing curve for natural rubber.

3.4.5 Moulding of prototypes with modified mould.
The mould was preheated to 170°C on a heating press. The milled rubber was cut
into appropriately sized strips and weighed. Weighing the rubber reduced the wastage
of raw material as well as wear and tear on the mould, as too much rubber in the
cavity would exert increased pressure on the tool. The mould was removed from the
press using a forklift and taken apart. The cut rubber was placed in the mould.
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Approximately one third of the rubber was placed in one of the female cavities. The
core was then placed into this cavity. One third of the rubber was then placed on the
top side of the core. The other third of the rubber was placed in the part of the mould
which formed the sole of the boot. The assembled mould was placed on the heating
press and the mould was closed under pressure. The cure time for the natural rubber
boots was 5 minutes. When the curing time had elapsed the mould was removed from
the press, the core was removed and the rubber boot was detached from the core,
using an air jet. There was some flash on the boot after removal from the mould.
This was cleaned from the boot prior to testing.

3.5 Use of existing motion studies
Following the creation of the solid model of the hoof, a motion analysis of the equine
limb was carried out. The limb of a walking horse was simulated for the purposes of
identifying the position of hoof-ground contact in the equine foot during the stance
phase of the walk. It was proposed to combine the simulated limb with the solid
model of the hoof and carry out a finite element analysis. As mentioned, studies of
the segment angles of the equine forelimb during the walk have been previously
described [12-26]. The various segment angles of the walking horse were examined
from the graphs in this analysis, then tabulated and translated from degrees per %
stance (Figure 3.27) to degrees per second stride time. Further work was also carried
out in Herbertstown Stud Farm in Co. Kildare, where images of a trotting horse were
captured using a high shutter speed camera (Figure 3.26). The segment angles from
this analysis were used for the purpose of animating a horse walking. In addition, the
simulation and the camera images were able to confirm the validity of the results of
the existing studies.
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Figure 3.26. Trotting horse (Herbertstown Stud, Co. Kildare)

Figure 3.27 shows the angular positions of each segment of the limb as the hoof
strikes the ground, rotates from heel to toe and leaves the ground for the swing phase.
From 0% to approximately 55% the hoof is stationary on the ground as the body of
the horse and the other segments move forward over it. At approximately 55% to
65% stance breakover occurs. This is when the sole of the hoof rotates as weight is
transferred from the heel and mid sole to the toe. From 65% to 100 % stance the hoof
leaves the ground and swings outward until the heel strikes the ground [14].
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Figure 3.27. Segment angle versus percentage stance for the equine hoof [14].
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3.5.1 Computer simulation of leg movement
The segments of the equine limb were modelled as cylinders in the VisualNastran
Desktop simulation package (Figures 3.28 & 3.29). The tabulated figures for angular
velocity and stride time were imported into VisualNastran, where they were applied to
each segment. The limb was modelled as a series of cylinders. Each section of the
limb was drawn to scale and modelled in Nastran. The thickness of cylinder segments
could be changed at any time to vary the overall size of the limb.

Figure 3.28. Leg modelled as cylinders
in VisualNastran

Figure 3.29. Creating co-ordinates
at the ends of the segments.

Individual segments had co-ordinates specified for each end. This was for the
purpose of creating constraints between adjacent segments. With the co-ordinates
now in place at each end, constraints could be created between each segment. Two
co-ordinates, one at the end of a segment, the other at the end of the next adjacent
segment face were selected and the ‘create constraint wizard’ was used. Figure 3.30
shows the various constraint type options that are available.
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Figure 3.30. Creating constraints in VisualNastran.

Once constraints had been created between all of the segments, the motion of the leg
had to be simulated. Using the tabulated values from reference [14], values of angular
velocity with respect to time were applied to each segment of the limb model.
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Figure 3.31. Applying a prescribed motion to a limb segment.
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Firstly, the ‘Prescribed Motion’ dialog box was ticked. This opened a window where
the angular velocity (Wy) coordinate box was ticked. The tabulated values of angular
velocity and time could then be input, as shown in Figure 3.31.

Another requirement for the model was that a forward velocity had to be input. Also,
as a real leg moves forward, the position of the shoulder changes in the vertical
direction. An extra segment was added to the model and was given a forward
velocity. By running the model and monitoring the position of the hoof during the
stance phase of the walk, it was possible to transfer this data to the shoulder part of
the model, using the assumption that the hoof remains in contact with the ground
during the stance phase.

Figure 3.32. Model of moving equine limb segments in VisualNastran.
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Figure 3.32 shows that the limb model has a forward velocity as well as six separate
angular velocities, which are observed by the position of the X and Z datum lines in
the figure.

3.5.2 Results of simulation of horse movement
By simulating the movement of the leg, coordinates for the angular position of the
joints and the position of the body mass could be identified, tabulated and plotted.
The motion simulation model was combined with a solid model of the hoof and a
finite element model was created in VisualNastran. It was expected that this would
give results showing the contact forces experienced by the hoof when under load.
However, the FEA could not be performed in VisualNastran, as the program could not
model the behaviour of non-linear materials. Also, the deformation experienced by
the hoof when under load could not be analysed once contact occurred between the
hoof and the ground in the simulation. When the contact occurred in the simulation a
‘chattering’ effect took place, making the analysis unstable and any contact results
output invalid.

3.6 Internal Modelling of hoof anatomy
The hoof used to make the plaster model was sectioned in two planes for the purposes
of modelling each anatomical part in three dimensions. By creating a three
dimensional finite element model with anatomical components being based on
realistic physical constants, it was hoped that the FEA could incorporate an
investigation of the shock absorbing properties of the hoof.
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3.6.1 Scanning the sagittal plane
The hoof was sectioned in the sagittal plane and the image was scanned (Figure 3.33).
Using the scanned image, the internal components were traced.

Figure 3.33. Scanned and traced images of the hoof in the sagittal plane.
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3.6.2 Scanning in the transverse plane
The hoof was sectioned in the transverse plane. Specimens of the hoof were
sectioned every 5mm from the toe to the heel. Figure 3.34 shows the scanned and
traced images of a section in the transverse plane.

Figure 3.34. Scanned and traced images in the transverse plane.

3.6.3 Modelling the anatomical components
The sagittal and transverse traced images were combined using Rhinoceros. Tracings
of individual anatomical components in the transverse plane were separated from their
respective sections. An example of this is shown in Figure 3.35 for the deep flexor
tendon.
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Figure 3.35. Tracings of the deep flexor tendon in the transverse plane combined
with the tracing in the sagittal plane.

This procedure was repeated for the navicular bone, the digital cushion and the coffin
bone. The solid models of the anatomical components can be seen in Figure 3.36.
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Figure 3.36. Anatomical components modelled in Rhinoceros

3.6.4 Results of internal modelling
The modelling of the internal hoof components was not carried to the FEA modelling
stage. A finite element analysis incorporating the internal components of the hoof
would require the measurement of the damping coefficients of each individual
anatomical component. The many disparate natural materials in the foot of a horse
(bone, cartilage, muscle, tendon etc.) have so diverse physical properties that to model
them accurately, would have required an inordinate amount of physical testing and
analysis. Also, because the properties of tissues in the foot are viscoelastic, any
properties measured from dead tissue would be inaccurate.
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3.7 Summary
A number of important things were learned from using the sand cast mould. Firstly,
because the rubber comes in sheet form and is pressed into the cavities, it was
necessary to make the mould a closed chamber, thereby allowing the products to cure
under the optimum conditions. Secondly, because there were no locator pins in the
mould, when the two parts of the mould were pressed together, the top half became
slightly skewed, as there was nothing to stop it moving horizontally in relation to the
bottom half.
The quality of boots manufactured from the reinforced machined mould were of a
much higher quality than those manufactured from the sand cast and the un-reinforced
moulds. The surfaces of the boots were smoother and the quality of the rubber was
better. The wall thickness of the boot was also more consistent, as the reinforced
mould provided extra location for the core piece when the mould was being
pressurised.
As a result of the difficulties presented by the contact analysis and non-linear material
modelling in VisualNastran, MSC MARC software was used for the FEA of the hoof.
The completed hoof model could be used for the creation of a FEA model. By using
an ACIS export option, the desired surfaces could be imported into MARC FEA.
Initially it was hoped that the modelled internal components of the hoof could be used
to investigate the effect a rubber shoe would have on the internal anatomy of the hoof
when it is subject to loading. However, due to the difficulties of determining material
properties discussed in section 3.6.4, the FEA model would instead be based on the
hoof surface being modelled as a rigid entity. The traced images were useful
however, in determining the point of force application in the FEA.
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Chapter 4 The physical properties of rubbers and finite element
analysis

4.1 Introduction
Non linear materials in general, but particularly rubber have a number of unique
properties associated with them. This chapter highlights the property of
hyperelasticity and the mathematical models which have been derived to describe it.
The viscoelastic properties in rubber cannot be discounted. Stress softening and set,
along with other characteristics are also discussed. In addition, mathematical models,
used to describe hyperelastic material behaviour are described, along with a
description of how plausible mathematical models are used for the purposes of getting
more accurate Finite Element Analysis models. The purpose of the finite element
analysis program was to analyse how rubbers of different hardnesses behaved under
these varying vertical and horizontal loading patterns with regard to compressibility
and stress in the boot material.

4.1.1 Hyperelasticity
When choosing an elastomer for a specific design application, there must be a full
understanding of the components function, working temperature and environmental
conditions.
For the purpose of this text the terms elastomer and rubber are scientifically identical
and interchangeable. Rubbers exhibit the unique property of being able to withstand
high levels of reversible strain without suffering permanent deformation or fracture.
Figure 4.1 shows a typical stress strain curve for a filled rubber. The unique property
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of hyperelasticity makes elastomers fundamentally different from other solid
materials.
The ability of rubber to withstand complex deformations coupled with a high
coefficient of friction and an ability to efficiently dissipate energy make it a valuable
engineering material. Researchers have spent a great deal of time trying to describe
mathematically how these high levels of reversible strains are achieved [28 - 30].
There have been several scientific theories formulated for the purpose of describing
the hyperelastic properties and behaviour of rubber like materials. In order to
understand how a complex material like rubber behaves when deformed, early
research into its behaviour concentrated on the material at the molecular level.

Figure 4.1. A typical uniaxial stress/strain curve for a filled rubber

Figure 4.2 (a) shows in two dimensions, the ordering of long chain molecules of
rubber in the unstrained and strained state. In reality the chain segments lie in a
disordered state in a three dimensional matrix. When a specimen of rubber is in its
unloaded state, it is made up of a tangled mass of long chain molecules which are free
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to rotate around the cross-links that join them together. As there are small
intermolecular attractions (van der Waals forces) between the long chain molecules
they can slide readily past one another. Due to thermal vibrations, the atoms in the
long chain molecules are in constant motion. This causes the individual molecules to
assume their irregular sinuous shapes. If loaded in any way the molecules will become
more or less aligned with the loading (Figure 4.2 (b)). The rubber resists this
alignment and if the load is removed will return to its more natural random state
(Figure 4.2 (a)). The rubber has its maximum entropy in this state and always tends to
assume its original shape when unconstrained.

(a)

(b)

Figure 4.2. Rubber in the strained and unstrained state

As the understanding of the deformation of rubber has been based on statistics and
probability, the title of statistical theory has been given to its development. Much
work was done on developing the statistical theory by Treloar [28].
The statistical theory is also known as the 'kinetic theory' because deformations have
been related to thermal motions of molecules and are analogous to kinetic theories of
gases. For a long chain molecule, the probability that the distance between its ends
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has a particular value is considered to comply with a Gaussian error function. This
assumption is fundamental to the statistical theory. It ceases to be valid at higher
strains and later (phenomenological) theories have attempted to more accurately
represent elastomer behaviour over a large strain range.

The statistical theory assumes that G = NkT =

ρRT

Mc

(4.1)

Where,
G = Shear (rigidity) modulus,
N = the number of chains per unit volume,
k = Boltzmann's constant,
T = absolute temperature,
ρ = density,
R = the gas constant and
Mc = the mean 'chain molecular weight'

4.1.2 Determining principal stresses using statistical/kinetic theory
Figure 4.3 shows a triaxial stress system applied to a cuboid of elastomeric material of
unit volume. The three principal stretch ratios are denoted by λ1, λ2 and λ3. When a
hyperelastic material undergoes a strain, there are large changes in cross-sectional
area. Therefore, the Cauchy stresses (forces per unit strained area), also known as the
true stresses, are denoted by t1, t2 and t3, while the engineering stresses (forces per unit
unstrained area are denoted by σ1, σ2 and σ3.
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Figure 4.3 Tri-axial stress system applied to a cuboid of elastomeric material

For incompressibility, λ1λ2λ3=1 and

t 1 = σ1

λ 2λ3

= λ 1 σ1 ,

(4.2)

If a hydrostatic stress were added to this loading system, the state of strain is
unchanged due to the incompressibility of the material though stresses would decrease
or increase by the amount of hydrostatic stress.

Two equivalent expressions can be written for the other two principal stresses. The
constant volume relationship means that λ1, λ2 and λ3 cannot be varied independently
of each other, so that if λ1 and λ2 are independent variables then

λ3 =

1
λ 1λ 2

(4.3)
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The work of deformation or the elastically stored free energy per unit volume is given
by the expression [32].

1
W = G (λ21 + λ22 + λ23 − 3)
2

(4.4)

An important point to note with regard to the above equation is that for no work to be
present at zero values of strain i.e. when λ1 = λ2 = λ3 = 1, the last term in the bracket
must have a value of –3.

If, for simplicity, only two forces/unit area (t1 and t2 ) are applied and λ1 is increased
whilst λ2 is held constant, a consideration of the work done will give a value for stress
normal to λ1 of

σ 1 = G (λ 1 − 1 / λ31 λ22 )

(4.5)

From (4.2) the corresponding principal stress is
t1 = G(λ12- λ32) and t2 = G(λ22- λ32), while, t3 = 0

(4.6)

4.1.3 The kinetic theory applied to simple extension
For simple extension (t2 = t3 = 0) we find that
t1 = G(λ12- 1/λ1) and σ1 = G(λ1- 1/λ12)

(8.7)
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The experimental results from tests performed by Treloar on a vulcanised natural
rubber of an 8% sulphur content (G = 0.39 N mm-2), which was chosen for its low
levels of hysteresis, compared poorly with the predicted results from the kinetic
theory. For strains levels in the moderate range, between stretch ratios of about 1.5
and 4, the theory over-predicts stress levels. In the range of high strain, (λ > 4) the
values of stress predicted by theory rise sharply, compared to the experimental results.
This effect shows that the Gaussian statistical theory is invalid for large extensions,
since the material will have finite extensibility and cross-links will begin to break
down. The inconsistency between theory and experiment for moderate strains is less
easily understood and a number of competing explanations remain unresolved. There
are two possible explanations for why this happens, both of which occur at the
molecular level. Firstly, chain entanglements may act as partial cross-links and
secondly, non random packing of chains may have the effect of modifying the
expressions for the entropy of deformation [28]. It is this second explanation which
forms the basis for equations (4.4) and (4.5).

4.1.4 Applying the kinetic theory to a simple shear problem
A study of simple shear shows clearly the limitations of the statistical theory. Figure
4.4 shows a unit cuboid being deformed in simple shear. It can be seen that regardless
of whether the material is incompressible or not, a constant volume deformation takes
place.

Since the volume is constant the three principal stretch ratios will be λ1, λ2 = 1 and λ3
= 1/λ1. The shear strain is given by the expression
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γ = tan φ = λ 1 − 1

(4.8)

λ1

Figure 4.4. Unit cuboid in simple shear

and so the shear strain energy is

1 ⎛ 2
⎞
G⎜ λ 1 + 1 2 − 2 ⎟
λ1
2 ⎝
⎠
1
= Gγ 2
2

W=

(4.9)

and since this work done is due to the shear stress τxy, then

τxy = dW/dγ=Gγ

(4.10) [28]
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This suggests that shear stress is proportional to shear strain or that the material
exhibits Hookean behaviour in shear. This is invalid for most rubbers and a finite
element analysis based on strain energy density functions which assume a constant
rigidity modulus cannot accurately model even simple load cases [31].

4.1.5 Phenomenological theories
The phenomenological theories which are used to describe large elastic deformations
do not investigate behaviour at the molecular level. These phenomenological theories
try to describe in formulae how large elastic deformations occur in hyperelastic
materials in the same way as the classic theory of linear elasticity sought to explain
small deformations mathematically. The mechanical properties of a perfectly elastic
material can be determined if the elastically stored energy (strain energy) is calculated
in terms of the variation in strain. Mooney [32] initiated this approach and Rivlin [33]
subsequently developed his approach.

4.1.6 The Mooney equation
Mooney devised a semi-empirical formula that sought to resolve the differences from
the statistical theory which were evident in simple extension tests:-

σ = 2(λ−1/λ2)(C1 + C2/λ)

(4.11)

C1 and C2 are empirical constants and formula 4.7 represents the particular case when
C2 = 0 and hence G = 2C1.
If (4.10) is rearranged to give
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σ

= C1 + C2/λ

(4.12)

2(λ−1/λ2)
a plot of

σ
against 1/λ produces a straight line graph in which C2 is the
2 (λ − 1 / λ2 )

slope and C1 + C2 is the intercept at 1/λ = 1. Figure 4.5 shows typical Mooney plots.

Mooney's theory assumes that i) when unstrained, rubber is incompressible and
isotropic and ii) that Hooke's law is obeyed in simple shear. The formula for stress
σ (4.10) is obtained by differentiating, with respect to λ, an expression suggested by
Mooney for strain energy in simple extension or uniaxial compression (4.13).

W = C1(λ2 + 2/λ - 3) + C2(1/λ2 + 2λ - 3)

(4.13)

Unadjusted, the Mooney equation provides no improvement on the statistical theory.
Experimental data for uniaxial tension correlates reasonably well with formula (4.10),
but data for equi-biaxial extension, which is akin to uniaxial compression, highlights
the inadequacy of the theory. Tests suggest that in compression C2 is approximately
equal to zero, but if the data for uniaxial tension is extrapolated into the compression
region the predicted forces for high values of 1/λ are far too great. This inconsistency
is exacerbated for other more complex loading situations.
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Figure 4.5. Typical Mooney plots

4.1.7 Rivlin's development of the Mooney theory

Rivlin [33] considered the most general form that a strain energy formula for rubber
could have. Hence, he derived an expression for strain energy W assuming pure
homogeneous strain. Like Mooney, he assumed the material to be incompressible and
isotropic in the unstrained state. This isotropy requires that W will be symmetrical
with respect to the three principal stretch ratios (λ1, λ2 and λ3). Rivlin erroneously
argued that the strain energy function must depend only on even powers of the stretch
ratios and the three simplest even powered expressions to satisfy this requirement
are:I1 = λ12 + λ22 + λ32
I2= λ12λ22 + λ22λ32 + λ32λ12
I3= λ12 λ22 λ32
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(4.14)

For the strain system described by (4.14) the values of I1, I2 and I3 will be unaltered
by changing from one Cartesian co-ordinate system to another. They are termed
'strain invariants' and it follows that for an isochoric material that

I3= λ12 λ22 λ32 =1

(4.15)

allowing I1 and I2 to be expressed thus
I1 = λ12 + λ22 + λ32
I2 = 1/λ12 + 1/λ22 + 1/λ32

(4.16)

Consequently I1 and I2 are two independent variables found from the three extension
ratios, two of which are independent if the material is assumed to be incompressible.
A strain energy function can be written for an isochoric, isotropic elastic solid, given
as the sum of a series of terms:-

W=

Cij (I1−3)i(I2−3)j

(4.17)

As for the statistical theory W must be zero at zero strain, necessitating the use of (I1 3) and (I2 - 3), so for no strain I1 = I2 = 3 and C00 = 0. For mathematical simplicity it
can be expected that a few terms complying with the lowest members of the series
will have most influence and combining the expressions for i = 1, j = 0 and i = 0, j = 1
gives
W = C10(I1−3) + C01 (I2−3)

(4.18)

which is of the same form as (4.13) and indicates that the Mooney equation is the
most general first order relationship including I1 and I2. We can think of the general
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strain energy function (W, I1, I2) as a curved surface in space relative to the three
mutually perpendicular axes W, I1 - 3 and I2 - 3. This leads inevitably to the
conclusion that the relationship between I1 and I2 vary greatly for different load cases
and question the capacity of the strain energy function to be used for modelling
complex strain cases [28].

Expressions giving true stress for simple load cases are easily derived from the
Mooney-Rivlin function and those for simple extension and simple shear are shown
below.
Simple Extension:- λ22 = λ32 = λ-1, t2 = t3 = 0

t = 2(λ2 − 1/λ)(δW/δI1 + 1/λ(δW/δI2))

(4.19)

Simple shear :- λ3 = 1/λ1, λ2 = 1, γ = λ1 − 1/λ1

tγ = 2(δW/δI1 + δW/δI2)γ

(4.20)

Biaxial tests by Rivlin and Saunders [34], where I1 was kept constant whilst I2 was
varied, suggested that the strain energy function should be of the form

W = C1(I1 − 3) + Φ(I2− 3)

where Φ is a function whose slope diminishes as I2 increases.
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(4.21)

4.1.8 Multi-term Rivlin functions

After Mooney and Rivlin, many people worked on expanding the Rivlin formulation
(4.17) to include higher-order terms, often with the intention of modelling nonGaussian behaviour for higher extensions [30,35,36]. Each of the different strain
energy (density) functions accurately represent certain rubbers for certain load cases,
but reliance on the increased elaboration provided by the functions is misleading. This
is because I1 and I2 are theoretically not independent variables, but are each functions
of λ for a uniaxial test and most of the higher-order functions are based on data from
uniaxial testing. Two of these formulae are shown below. Each was postulated by
Tschoegl [35] and is indicative of the restricted use of any function based on strain
invariants.

W = C10(I1−3) + C01 (I2−3) + C11(I1−3)(I2−3)

(4.22)

This function can represent the full extension curve for a carbon-reinforced,
vulcanised natural rubber in simple extension with reasonable accuracy, whilst (4.23)
provides the best fit for a butadiene-styrene 'pure gum'.

W = C10(I1−3) + C01 (I2−3) + C22(I1−3)2(I2−3)2

(4.23)

It is self evident that such curve-fitting procedures can be applied to any particular
case without remotely allowing a function for all rubbers and all load cases to be
derived.

4.2 Strain energy functions based on stretch ratios
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Those functions based on polynomial functions of strain invariants are found to be
inadequate. Consequently consideration of two alternatives where the strain energy
density is a separable function of the three principal stretch ratios follows.

4.2.1 Ogden's formulation

Ogden [37] argued that the introduction of strain invariants was an unnecessary
complication and that a formulation based on stretch ratios would be mathematically
simpler. He derived a strain energy function for an incompressible rubber in series
form shown below.

(4.24)

The αn term can have any values and be positive or negative. The µn terms are
constants and can also be positive or negative but pairs should possess the same sign
since the initial shear modulus, which clearly must have a positive value, is given by
the equation

(4.25)
Previous research [38, 39] has shown instances where Ogden gave better results. It is
for this reason that an Ogden curve fit was chosen for the FEA.
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4.2.2 The following expressions for simple stress cases can be determined from
the Ogden equation: -

Simple extension.

(4.26)

(4.27)
(4.28)

Equi-biaxial extension (t1 = 0, t2 = t3)

(4.29)

(4.30)

(Assuming stretches in the ‘2’ and ‘3’ direction)

4.3 Viscoelastic properties of rubber
4.3.1 Viscoelasticity

The viscoelastic properties of rubber make it inevitable that the deformation of a
component will vary when repeatedly loaded, even if it is loaded in the same manner
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and with the same magnitude of force. These time dependent properties are both
diverse and dissimilar for different compounds. In service, rubber is affected by:creep - strain increases with constant force,
stress relaxation - stress changes with time when a component is subject to constant

strain,
set - the component does not recover its initial shape when an applied load is

removed,
stress softening (Mullins' effect) - the component softens with each successive

loading,
and

adhesion - a thermally activated stick-slip process that causes local bonding

between rubber and rigid contact surfaces.
Creep, stress relaxation and set can also result from the chemical effect of ageing.

The limited amount of FEA applied to nonlinear viscoelastic behaviour has
predominantly used combinations of the linear mathematical models, though modified
Ogden constants for successive load steps have also been employed. Recently
software suppliers have improved viscoelastic FEA modelling by the introduction of
an extension of an elastic energy function suggested by Simo [40].
It is evident that each finite element analysis of an elastomeric part requires the
solution of a unique problem, where environment and loading history must be
considered and precise material properties have to be defined.

4.3.2 Creep

All rubbers exhibit some degree of creep. With the application of stress a slow
continual deformation occurs beyond the initial large deformation that takes place
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when the stress is initially applied. The deformation due to creep is not recoverable
and unlike in metals is not just confined to high strains and high temperatures but will
occur for any form of loading. Creep in elastomers will usually increase linearly if
plotted against time having a logarithmic scale [41]. However if a stress is maintained
for a very long time the rate of creep will eventually rise sharply and this is associated
with oxidative breakdown and the failure of cross-links. The amount of creep varies
greatly in rubbers, dependent on a number of factors, but the principal ones are: -

i) vulcanised synthetic rubbers tend to creep more than vulcanised natural rubbers,
ii) in general the greater the amount of filler in a compound, the greater the incidence
of creep,
iii) hard rubbers creep more than soft rubbers
and iv) rubbers containing more cross-links creep less than those with fewer, hence
less well vulcanised rubbers.

Two phenomena closely related to creep are work softening and fatigue. Work
softening is a reduction in static shear modulus resulting from cyclical loading. It can
be unnoticed because no permanent deformation occurs and, on the removal of a load,
a work softened rubber will appear to be in its original state. Also, if work softening
and set are present in the same component, their effects will tend to cancel each other
out. If a rapidly fluctuating stress is applied to a rubber the modulus gradually
reduces. This process, termed fatigue, can be considered a form of stress relaxation
that is comparable to an increase of strain at constant stress, or creep. Plotted against
log time, the modulus gives a straight line similar to that of creep [42]. Some
interesting work on reduction in complex modulus (E*) in fatigue of non-strain
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crystallising elastomers, EPDM and SBR, has been carried out by Abrahams et al [4345].

4.3.3 Stress relaxation

Stress relaxation and creep are physical changes resulting from the same viscoelastic
phenomenon. Whereas an ideal elastic solid subjected to a fixed strain for a time
period will record a constant stress, a viscoelastic material having a nominally
instantaneous strain applied will experience a reduction in the initial stress with time.

4.3.4 Set

Unlike a component made from a conventional solid, which will normally be
considered to have failed when it has fractured or reached a level of wear that impairs
its function, a rubber component can fail for a variety of reasons. Creep, work
softening or set could all cause an elastomeric component not to fulfil its function.
Since set is an important parameter when maintaining component function, for
instance sealing efficiency, the rubber industry has tended to place a large emphasis
on measuring recovery. The notion of 'permanent set' in respect of rubbers is virtually
meaningless since its measurement would require an infinite recovery time. Hence,
set will normally be expressed as a percentage of the applied deformation for a given
recovery time as shown below.
Set = t0 - tr x 100% (Compression set)

(4.31)

t0 – ts
where: - t0 = initial thickness, tr = recovered thickness and ts -= compressed thickness
[46].
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4.3.5 Stress softening

When subjected to stress cycles, rubber dissipates energy as a result of hysteresis
effects. Filled rubbers stress soften and a rubber component will have a 'steady state'
response markedly different from its initial response. Carbon black is added to rubber
for economy and to enhance stiffness and toughness. However, strain-induced stress
softening in such rubbers results from a break down of cross-links and a gradual
detachment of the reinforcing fillers from the long chain molecules. This phenomenon
is known as the Mullins' effect in recognition of the research he conducted into
history dependent stiffness [47].

4.4 Material Model Plausibility

Analysts too often use physical constants in hyperelastic FEA that lack plausibility.
The curve fitting procedures provided in FE software use regression analyses applied
to physical test data that deliver material constants for the various strain energy
functions. The plausibility of these constants is not evaluated. Implausible models
can cause analyses to fail or more importantly give converged solutions that are
erroneous. Johannknecht et al [48,49] established criteria for ensuring the plausibility
of physical constants for each of the material models available in FEA codes. The
plausibility of a neo-Hookean model can initially be considered by comparing the
value of twice the constant C10 with the initial rigidity modulus G0. For a two
parameter Mooney-Rivlin function the condition shown in equation (4.32) must be
met. For a neo-Hookean model (where C01 will equal zero) this means that C10>0. It
is implausible for C10 and C01 to be negative, as the slope of every material curve
must be positive. For an Ogden model, again the material constants can first be
considered by relating them to the initial rigidity modulus (G0) by using equation
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(4.33). So that tensile stresses are associated with positive strains and compressive
stresses with negative strains it is necessary that (i) σ=0 at λ =1, (ii) σ>0 at λ>1 and
(iii) σ<0 at 0<λ<1. This calls for the uniaxial stress-strain curve to possess a positive
gradient, which requires equation (4.34) to be positive. To satisfy (i) each term in
equation (4.35) must be positive. If µn is positive then the expression in the square
bracket must be negative. To comply with these two conditions when 0<λu<infinity,
αn>1 if µn is positive and αn <-2 if µn negative.

Equations
dσ/dλ = 2C10(1 + 2λ-3) + 6C01λ-4 > 0

(4.32)

G0 = ½Σn µnαn

(4.33)

dσu/dλu = Σn µnαn –0.5αn-2 [(αn- 1)λu1.5αn + 0.5αn +1]

(4.34)

µnλu0.5αn-2 [(αn- 1)λu1.5αn + 0.5αn +1] > 0

(4.35)

If we consider pure shear deformation in the same way, the function for nominal
stress is given by equation (4.36). Again, a positive slope is expected for the stressstrain curve (dσs/dλs>0) given by equation (4.37). As before, if µn is positive then the
expression in the square bracket must be positive and if negative, the expression in the
square bracket must be negative. To comply with these two conditions when
0<λs<infinity, αn>1 if µn is positive and αn<-1 if µn negative. If equi-biaxial tension is
treated in the same way we establish that if µn is positive then αn>1, or if µn is
negative then αn<-0.5. Considering all three forms of deformation together, the
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plausibility of an Ogden material model is governed by the restriction given in
equation (4.38).

σs = Σn µn(λsαn-1 – λs-αn-1)

(4.36)

dσs/dλs = Σn µnλs-αn-2[(αn- 1)λs2αn + αn +1)

(4.37)

µn>0 then αn> 1 or µn<0 then αn>-2

(4.38)

Plausible material models were used in the analysis of the boot material. At first, neo
Hookean models were used. However, once physical testing of potential boot
materials had taken place, plausible Ogden models were used in the FEA.

4.5 Finite Element Analysis using Neo-Hookean Models

When the hoof strikes the ground, it is subjected to a horizontal braking force. As it
pushes off, it is subject to a horizontal accelerating force. Simultaneously, it is being
subjected to a vertical reaction force from the ground which lasts for the duration of
the stride time. The Finite Element Analysis model (FEA) would incorporate a nonlinear contact analysis, with the hoof sole and the ground being in contact with a
rubber material as shown in Figure 4.6.
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Figure 4.6. Proposed Finite Element analysis of rubber sole.

Figure 4.7. Projecting the curve onto the surface in Rhinoceros.

Figure 4.8. Shaded view of the half symmetry model in Rhinoceros.
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4.6 FEA Model Creation

The solid 3-D model of the hoof was exploded into several different surfaces in
Rhinoceros. The surface of the hoof was selected from these exploded surfaces and
was extracted. A rectangular surface 10mm below the hoof surface was created. The
outline of the hoof was projected from the hoof surface on to the rectangular surface
(Figure 4.7). This projected curve gave the outline shape of the sole of the boot. Both
the surface and the projected curve were split, as a half symmetry model would be
used in FEA. Figure 4.8 shows the split curve and surfaces in shaded view.

Figure 4.9. The imported entities in Msc MARC.

The ACIS import option was used to import the curves and surfaces into MARC FEA.
Figure 4.9 shows the curves and surfaces in the MARC program [50-52]. After
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importing, MARC recognised the entities as solids. These solid entities were later
converted to curves and surfaces.

Figure 4.10. Applying curve divisions.

4.7 Applying a mesh

The analysis involved creating contact between the hoof surface and the modelled
boot material. Firstly the boot material had to be represented by a finite element
mesh. The curves shown in Figure 4.10 were divided into a number of even
segments. This was for the purpose of applying an advancing front mesh on the
curves [50 – 52]. The curve divisions were carried out by specifying the desired
number of divisions and selecting the curves.
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Figure 4.11. Advancing front meshing.

The mesh was created using the Quadrilaterals (Advancing Front) option in the
Automesh/2-D Planar Meshing menu. The divided curves were selected and the
program automatically applied an evenly spaced mesh to the curves as shown in
Figure 4.11.
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Figure 4.12. Expanded and subdivided mesh.

The advanced front method provided an evenly spaced mesh. However the mesh was
2-dimensional and required a thickness. The Expand option in the Mesh Generation
menu was selected and the mesh was given translation co-ordinates of (x=0, y=0,
z=10). This extruded the mesh in the z-direction by a distance of 10mm. The
Subdivide option was then selected. This divided the mesh into 3 layers in the zplane. This would allow for greater distortion of the elements and layering of the
material properties in different analyses. Figure 4.12 shows the expanded and
subdivided mesh.
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Figure 4.13. Applying material properties to the elements for a rubber of IRHD
70.

4.8 Material Properties and Boundary Conditions

Material properties were then applied to the mesh. Initially, there was no
experimental material data available for the model, so a 1-term Mooney curve was
used. Using the empirical formula Log10(G/G0)=(IRDH –54)/47, where G0 is the
initial modulus of rigidity and G/2 = C10, values of C10 related to different rubber
hardnesses could be applied to the model. These values were input and applied to the
elements, as shown in Figure 4.13. Section 4.11 discusses analyses performed using
more plausible material data.
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Figure 4.14 Measuring the point of rotation in Rhinoceros.

Figure 4.15 Table of vertical force versus time.
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Figure 4.16 Table of horizontal force versus time.

Figure 4.17 Applying the symmetry surface and load controlled node in MARC.

99

Boundary conditions had to be applied to the model. The point through which the
loads and the rotations acted was measured from the traced sagittal section in
Rhinoceros (Figure 4.14). The coordinates of the point of application were assigned
to a node in MARC. This node was linked to the hoof surface, meaning that the loads
applied to the node were transmitted to the hoof surface about the point of rotation.
The horizontal and vertical forces applied to this node were taken from tables which
measured force against time (Figures 4.15 and 4.16). Another surface was added
along the symmetrical edge of the model. This was to prevent the elements spreading
along the axis of symmetry. The nodes were attached to the surface in the mesh
generation menu. Figure 4.17 shows the symmetry surface and the load controlled
node.
Links were also attached to the model in order for it to remain stable. An element
node was attached to the link at one end and another node, which attached the link to
ground, was selected at another point. Figure 4.18 shows the criteria input to MARC
when attaching the link to the model.

Figure 4.18. Attaching the link to the model.
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Figure 4.19. Identifying the contact bodies.

Figure 4.20. Contact table.
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4.9 Contact

It was necessary to create contact relationships between the geometrical entities.
Each part was given a name as shown in Figure 4.19. The contact relationships were
established by using a contact table. Glue contact was set up between the hoof
surface and the elements. This was to ensure that the rubber material elements were
always in contact with the necessary portions of the hoof surface. Touching contact
was set up between the elements and the ground-plane as well as between the
elements and the symmetry plane. This would allow the elements to slide with
relation to the ground and allow friction to be simulated. Figure 4.20 shows the
contact table with ‘G’ denoting glue contact and ‘T’ denoting touching contact.

Figure 4.21. Attaching the element nodes to the hoof surface.
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When running the analysis, it was observed that some elements underwent excessive
deformation. By attaching certain element nodes to the hoof surface (Figure 4.21),
deformation was reduced leading to a more accurate and convergent solution.

Figure 4.22. Loadcase option menu

Figure 4.23. Adaptive stepping (Multi-Criteria) stepping procedure.
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Results obtained from a single load application will be invalid due to the high
nonlinearity of the material. Moreover, the possibility of the analysis converging is
far less for a single load application. It is necessary to break down the application of
these forces into a number of steps, or loadcases. The loadcase options are shown in
Figure 4.22. Time durations can be altered, as can the number of increments the
program should take to solve each time step in the loadcase. The loading for this
analysis was split into four loadcases, namely the four time periods between which the
vertical and horizontal loading patterns reach maximum values.
For a contact analysis, the computation required can be quite complex and can result
in time consuming processing. By using an adaptive stepping procedure, as shown in
Figure 4.23, the time step can be broken down further into fractions of the loadcase
time which allow the computer to solve smaller increments faster, which increases
CPU efficiency and speeds up the analysis.

Figure 4.24. Defining the job options

Figure 4.25. Selection of
friction algorithm.
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Figure 4.24 shows the options chosen for the final job submission. A 3-D analysis is
chosen and the four loadcases are selected. A number of scalar quantities can be
output in the results, such as force, displacement, stress, strain, contact status and
friction.
Figure 4.25 shows the various algorithms the program has for managing friction. A
slip stick algorithm was chosen. This method decides whether the elements move
(slip) or remain static (stick) depending on how much force is applied to each
individual element.

4.10 Results of the Neo-Hookean analysis

An initial analysis was carried out and results were collated. Figure 4.26 shows an
analysis of the hoof surface in contact with a soft rubber of 40 IRHD. The maximum
compressive stress at a stride time of 0.16 seconds is depicted by the darkest area,
which represents the hoof quarter. The analysis shows that if the rubber in contact
with the hoof is too soft, the rubber will deform and apply a transverse pressure of the
magnitude shown in Figure 4.27. A pressure of this magnitude (a maximum force of
292.4 N) may cause damage to the hoof tissue at high impact velocities. A possible
solution to this would be to insert a layer of harder material bonded to the softer
material with the harder material making contact with the hoof.
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Figure 4.26. Analysis showing the compressive stress at maximum vertical load
at a time of 0.16 seconds.
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Figure 4.27. Table showing the reaction force in the y direction versus time for
the full hoof surface. A maximum force of 292.4 N is indicated.

4.10.1 Removing elements from the frog area of the sole

In order to reduce the effect the lateral force had on the finite element model, it was
decided to remove some of the elements which covered the frog area of the sole.
Figure 4.28 shows results for this model at the same analysis time as the model in
Figure 4.26. It can be seen that there is an increase in the compressive stresses in the
sole material, which is expected, as there is less material available to support the load.
However, there is a significant reduction in the lateral force transmitted to the hoof in
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the y-direction, as seen in Figure 4.29. By removing the elements from the analysis
there is a reduction in the lateral force of 107.1N, coupled with a rise in the maximum
stress of approximately 2N/mm2.

Figure 4.28. Analysis showing the compressive stress at maximum vertical load
for the altered model. Maximum stress rises by approximately 2N/mm2.
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Figure 4.29. Table showing the force in the y direction versus time for the hoof
surface in the altered analysis. A maximum force of 185.3 N is indicated.
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4.11 Finite Element Analysis using Ogden Models

While the analyses carried out in 4.10 were of neo Hookean models, they were also
carried out before the actual boot material had been confirmed. The analyses detailed
in this section are based on data which was obtained from tensile test samples of
materials used in boots which were moulded and field tested.

4.11.1 Tensile Testing and applying the curve fit

Tensile testing was carried out on test specimens made from the same rubber as the
boots. The test pieces were placed in the clamps in the tensile testing machine and
pulled to breaking point. Figure 4.30 shows the load versus extension curve for a
natural rubber test specimen. The values for load versus extension were converted
into values of stress in N/mm2 and values of strain.

Load vs Extension
350
300
Load (N)

250
200
150
100
50
0
0

20

40

60

80

Extension (mm)

Figure 4.30. Graph of Load vs. Extension for Natural Rubber.
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These tabulated values were then imported into the MARC curve fitting program. An
Ogden curve fit was chosen as it has given better results than other similar models in
the past [56]. Figure 4.31 shows the Ogden curve fit. The curve fit gave values of µ1,
α1 and µ2, α2. Table 4.1 shows how the plausibility criteria discussed in 4.4 were
applied to the constants.

Figure 4.31. Ogden curve fit using MARC.

Constant
µ1

Value
0.00886489

α1
µ2

3.35404
-3.92419

α2

-3.00167

Rule
If µ positive α must
be >1

If µ negative α must
be <-2

Plausible
Yes

Yes
Yes
Yes

Table 4.1. Plausibility Criteria

111

4.11.2 Applying material constants to the FEA model

The values obtained from the Ogden curve fit were applied to the elements in the FEA
model. The values can be seen in the material properties dialog box, shown in Figure
4.32.

Figure 4.32. Applying material constants to the FEA model.

4.11.3 Results of Analyses using Ogden models

The FEA model was solved using the same method as detailed in Section 4.10.
Figure 4.33 shows the model at 0.16 seconds stride time and maximum vertical force,
the same point at which the analysis in Section 4.10 was evaluated. As shown, the
maximum compressive stress in the boot is 7.474 N/mm2. Figure 4.34 shows the
force exerted on the hoof surface at this time. This force is shown to be 250 N.
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Figure 4.33. Maximum compressive stress in the boot at 0.16 seconds stride
time.

Figure 4.34. Graph show the force exerted on the hoof surface by the boot
elements.
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4.11.4 Node plots of the analysis

A node in the area of maximum compressive stress (Figure 4.35) was selected and the
value of compressive stress was plotted with respect to time. As the plot in Figure
4.36 shows, the stress at this point was similar in shape to the vertical force graph in
Figure 4.16, which is to be expected. The compressive stress at this particular node
rises to a peak value of 6.855 N/mm2.

Figure 4.35. A node (46) for the dark blue area was selected for the node plot.
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Figure 4.36. Node plot showing a maximum compressive stress of 6.855 N/mm2.

4.11.5 Displacement values of the analysis

Figure 4.37 shows the displacement values of the elements in the z-direction. As the
figure shows there is a maximum compression of between 2.5 and 3.5 millimetres. A
node plot, on the area of maximum compression, as shown in Figure 4.38 confirms
this value.
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Figure 4.37. Displacement of the elements in the z-direction at 0.16 seconds.

Figure 4.38. Node plot showing the displacement in the z-direction for node 46.
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4.12 Summary

The FEA model is a way of analysing the stride of the horse at the walk, but has the
potential for the stride speeds to be increased simply by altering the load graphs in the
boundary condition section of the FEA model. Additionally a vast number of diverse
material models can be imported and applied to the model, making the model a
valuable tool for future product development. As well as this, the material properties
in the model can be layered. This will allow a designer to apply properties of a hard
material to the bottom layer of elements in contact with the ground surface, while
applying properties of softer materials to the subsequent layers.
By removing elements in the frog area of the sole the pressure exerted by the rubber
on the hoof sole is reduced. However, the field tests discussed in Chapter 6 show that
removal of material from the boot results in a less rigid boot which is prone to
twisting and the accumulation of dirt.
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Chapter 5 Prototyping of designs

5.1 Rapid Prototyping
Rapid Prototyping (RP) is a process whereby a scale model of a part or assembly can
be fabricated using three-dimensional computer aided design (CAD) data [87-90].
It has also been referred to as solid free-form manufacturing, computer automated
manufacturing, and layered manufacturing. RP is used for visualisation, testing,
mould tool design and in some cases, the final part.
RP is used to speed up product development time and to decrease costly mistakes by
eliminating redundant and unnecessary design features.
There is a multitude of experimental RP methodologies either in development or used
by small groups of individuals. These are Stereolithography (SLA), Selective Laser
Sintering (SLS), Laminated Object Manufacturing (LOM), Fused Deposition
Modelling (FDM), Solid Ground Curing (SGC), and Ink Jet printing techniques. The
method used for this research was Fused Deposition Modelling (FDM).

5.1.1 Methodology of Rapid Prototyping
The basic methodology for all current rapid prototyping techniques can be
summarized as follows:
1. A CAD model is constructed, then converted to STL format.
2. The RP machine processes the .STL file by creating sliced layers of the model.
3. The first layer of the physical model is created. The model is then lowered by the
thickness of the next layer, and the process is repeated until completion of the model.
4. The model and any supports are removed. The surface of the model is then finished
and cleaned.
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5.2 Stereolithography
Stereolithography, also known as 3-D layering or 3-D printing, permits the creation of
solid, plastic, three-dimensional (3-D) objects from CAD drawings in a matter of
hours. It is the first Rapid Prototyping process, and was developed by 3D Systems of
Valencia, California, USA.

5.2.1 Stereolithography Process
Firstly, a 3-D design of the object is created in a CAD program. This design is
manipulated to achieve a more accurate representation before building supports that
raise it up off the tray slightly and with any internal bracing that is required during
building. A piece of software is used to chop the CAD model up into thin layers;
typically five to ten layers/millimetre.
A vat of photosensitive resin contains a vertically moving platform. The part under
construction is supported by the platform that moves downward by a layer thickness
(typically about 0.1 mm / 0.004 inches) for each layer. A laser beam traces out the
shape of each layer and hardens the photosensitive resin.
This process repeats, layer by layer, until the model is complete
Stereolithography is not a particularly quick process. Depending on the size and
number of objects being created, the laser might take a minute or two for each layer.
A typical run might take six to twelve hours. Runs over several days are possible for
large objects. Figure 5.1 shows how stereolithography functions.
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Figure 5.1. Stereolithography process. The laser cures the photopolymer and
the platform lowers to cover the model with more photopolymer.

The stereolithography machine has four important parts:
1. A tank filled with several gallons of liquid photopolymer. The photopolymer
is a clear, liquid plastic.
2. A perforated platform immersed in the tank. The platform can move up and
down in the tank as the printing process proceeds.
3. An ultraviolet laser
4. A computer that drives the laser and the platform
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The photopolymer is sensitive to ultraviolet light, so when the laser touches the
photopolymer, the polymer hardens. Figure 5.2 shows a typical Stereolithography
machine.

Figure 5.2. Stereolithography machine.

5.3 Fused Deposition Modelling
The FDM process was developed by Scott Crump in 1988. The fundamental process
involves heating a filament of thermoplastic polymer and squeezing it out like
toothpaste from a tube to form the RP layers. The machines range from fast concept
modellers to slower, high-precision machines. The materials include polyester, ABS,
elastomers, and investment casting wax. The overall arrangement is illustrated in
Figure 5.3.
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Figure 5.3. FDM (Fused Deposition Modelling) Process

5.3.1 Using FDM to manufacture boot prototypes
FDM is the RP process which was used to manufacture the boot prototypes. The RP
machine is contained in Materials Ireland in Trinity College Dublin. All prototypes
were manufactured in ABS, an engineering thermoplastic. The build times for the
prototypes were fast and the quality of the prototypes was accurate. While the
material was not suitable for practical use, the prototypes were invaluable for
visualisation purposes and some design concepts were investigated using the
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prototypes, such as providing the boot with a split, and attaching grips to the bottom
of the boots. A prototype with sole grips is shown in Figure 5.4.

Figure 5.4. Rapid Prototype manufactured using FDM in TCD, Dublin.

5.4 Summary
Rapid Prototyping was used for approval of the boot design before mould
commissioning. The grips for the sole were not included in the mould design due to
the increased machining costs and lead time. However, the wall thicknesses and
overall dimensions of the mould cavity were machined, based on the approval of the
Rapid Prototype model.
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Chapter 6 Field Testing

6.1 Introduction
Testing of potential rubber materials was carried out early in the research. Sheet
rubber cut-outs glued to the hoof constituted the initial testing. This method of testing
possible materials was suggested, as full boots would not need to be produced to
gauge the performance of the sole material. It was expected that from these tests,
material selections could be made for the boot prior to mould manufacture. Sheets of
nitrile rubber were sourced and were used as a starting point for field testing.
After the boots were moulded, field tests were carried out in order to gauge how well
the boot performed under typical conditions. These tests were more comprehensive
than those carried out using nitrile rubber pads. The boot, unlike the pads, did not
require gluing and was designed to cover the entire hoof portion. A criteria for testing
was formulated and a satisfactory test animal was selected. Any correlations between
field test results and the FEA results were noted.

6.2 Preparation for initial field testing
The horses hoof was placed on a sheet of paper and a tracing was made of the shape.
The shape of the hoof was cut from a 3mm thick sheet of nitrile rubber, using this
template. Specimens were cut in the shape of the hoof, along with other specimens
which had a section removed, which would allow the frog area of the foot to breathe.
The specimens with the frog area removed can be seen in Figure 6.1. It was proposed
to bond the rubber to the sole of the hoof. In addition to this, specimens were
prepared with flaps for attaching the rubber to the side wall of the hoof.
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Figure 6.1. Rubber samples cut from templates for field testing.

6.2.1 Bonding of rubber cutouts
The adhesive Dallmer dalric (3-dimethylaminopropyl-1, 3-propylenediamine) was
applied to the nitrile rubber. The horses hoof was then lifted and adhesive was
applied to the sole. In the case of the specimens with flaps, additional adhesive was
applied to the side wall of the hoof. The sheet of nitrile rubber was then glued on to
the sole of the hoof. The arrangement was held in place for several minutes until
bonding had occurred. Figure 6.2 shows the hoof with the rubber sample in place.
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Figure 6.2. Hoof with rubber samples attached.

6.3 Results from initial tests
There were a number of problems with this method of testing. Firstly, attaching the
material using a bonding method was difficult and time consuming due to the weight
of the horse and the setting time of the glue. Also, while the glue adhered to the
surface of the hoof, there was poor bonding between the rubber material and the
adhesive. This method of field testing was unable to produce any meaningful results.

6.4 Preparation of boots prior to field testing
Following the production of the boots from the machined mould, field testing was
proposed. The moulded boots were cleaned of excess rubber that was present after
the moulding process. A section of leather was cut and bonded to the front of the
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boot. This leather strip was put on the boot to provide cushioning for the coronet
band when the boot is on the hoof. A hole was punched through the leather and the
rubber. A slot was cut in the boot to this hole. The hole prevented the slot tearing
when tension was applied while putting the boot on. This was applied in two different
arrangements, one with the slot down to the collar, and another with the slot 25mm
away from the toe. A punch was then used to put six eyelets in the boot, for lacing.
Figure 6.3 shows a boot, ready for testing.

Figure 6.3. Boot prior to field testing.

6.5 Proposed Plan for Field Tests
A plan for testing the boots was drawn up prior to testing. It consisted of a list of
observations which were to be made throughout the tests.
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Observations made:

1. Ease of fitting.
2. Acceptance of boot by animal.
3. Stride pattern of horse when led by the hand over 100m. Note any discomfort,
slippage or change of gait by animal.
4. Horse unmounted, trotted over 100m. Note any discomfort, slippage or
change of gait by animal.
5. Note any movement, realigning of shoe during all gaits tested.
6. Visual inspection of boots on removal. Check for wear on sole and tearing.
7. Visual inspection of horses foot on removal. Check for abrasion burns,
blistering, excessive sweating, over a period greater than 24 hours.

6.6 Field Testing
The field testing was carried out over a period of 4 days. A typical thoroughbred
horse was selected for the tests. The horse was selected based on the animal having
the appropriate hoof size in relation to the boot.

6.6.1 Preparation
The horse’s hooves were lightly pared using a rasp. This was in order to make sure
that the hooves fitted into the boots comfortably. The horse’s hoof was held up and
the boot was placed on the hoof. The boot was put on by first putting the toe into the
boot. The boot was laced up and tape was wrapped around the top portion to prevent
the laces from tripping the horse.
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6.6.2 Walking on concrete
The horse was led walking in a straight line on concrete. The horse was tentative at
first, which could be seen by its exaggerated walking, where it raised its forelimbs
higher than usual. After a short period of time however, it became more comfortable.
Figure 6.4 shows the horse walking on concrete.

Figure 6.4. Horse walking on concrete.

6.6.3 Trotting on concrete
The speed was increased from a walk to a trot. The horse became unsure at this pace,
but again was more comfortable after a period of time. Short-term excessive wear
was not apparent in the boot on the concrete surface.
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6.6.4 Walking on gravel
After the test on concrete, the horse was led walking in a straight line on a gravel
surface. The horse was as comfortable on this surface as it was on the concrete
surface at the walk. The horse was tentative at first, which could be seen by its
exaggerated walking, where it raised its forelimbs higher than usual. After a short
period of time however, it became more comfortable.

6.6.5 Trotting on gravel
The speed was increased from a walk to a trot. The horse became unsure at this pace,
but again was more comfortable after a period of time. Short-term excessive wear
was not apparent in the boot on the concrete surface. Figure 6.5 shows the horse
trotting on gravel.

Figure 6.5. The horse trotting on gravel.
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6.6.6 Grass Tests
A lunge rope was attached to the horse and it was brought into a field. The horse was
sent walking in a circular direction. The speed was then increased to a trot and then to
a canter. This test forced the horse to place more weight on one leg, depending on
whether it was going clockwise or anticlockwise. At higher speed, the horse lost its
footing slightly. Some interference also took place, where the toe of the hind limb
struck the heel of the boot. The laced boot stayed in place at all paces. Figure 6.6
shows the horse at a canter in the field while using a lunge rope.

Figure 6.6. The horse at a canter in the field while using a lunge rope.

6.7 Alterations to the boot
Alterations were made to some boots during the field testing, in order to gauge the
boots performance when rubber was removed from selected portions.
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6.7.1 Allowing the heel buds to breathe
Two circular sections of material were removed from the back of the boot. This
altered boot was then put on the horse and a lunge test was carried out. After
approximately 15 circuits, the boot began to twist. The reason for this is that the
rigidity of the boot was weakened as a result of removing material. Figure 6.7 shows
the position of the boot with the material removed after running the horse on the lunge
rope.

Figure 6.7 Position of the boot with the material removed after running the horse
on the lunge rope.

6.7.2 Removing the boot collar
The collar of the boot was removed and a boot was put on which did not have a split
or provision for lacing. The horse was led with the lunge rope at a canter. After 15
circuits the boot came off. However, the boot was improved aesthetically without the
collar. Figure 6.8 shows the boot with the collar removed.
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Figure 6.8 Boot with the collar removed.

6.8 Wear Testing
The boot was put on the horse as illustrated in Figure 6.9. The horse was walked with
the boot, so there was no lacing or tape applied.

Figure 6.9. Boot on horse prior to wear test.
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The sole of the boot was covered in chalk and the horse was walked for several
strides. When the walk was completed the sole of the boot was investigated. Figure
6.10 shows the wear pattern on the sole of the boot.

Figure 6.10. Wear pattern on sole of boot.

The chalk pattern on the ground was also investigated. Figure 6.11 shows this
pattern. The direction of travel is southeast.

Figure 6.11. Wear pattern of the boot in the Southeast direction.
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As can be seen there are visible points of wear around the toe and the quarters. This
wear pattern confirms results given by the FEA, which showed maximum
displacement and contact in these areas.

6.9 Testing for irritation to heel
The boot was put on the horse and taped in place. The horse was then put into a
stable for a period of 48 hours with the boot in place. After this time had elapsed, the
boot was removed and the fleshy area of the hoof, around the heel buds was
inspected. Figure 6.12 shows the heel buds after the boot was removed.

Figure 6.12. Heel buds after boot removal.

As the figure shows there was some tenderness in the heel buds (the white fleshy
area). However, it was much less than was anticipated. There were no signs of
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blistering and the horse did not seem to be in any discomfort. While there was some
sweating, it too was quite light and its odour indicated the hoof was healthy.

6.10 Summary
The boot performed well during the field tests. Levels of sweating in the boot were
quite low and irritation to the fleshy areas of the foot was minimal. The boot stayed
in place during quite demanding conditions. When the horse was run at a canter using
a lunge rope, the boot stayed in place, even on surfaces that were quite soft and
mucky. When material was removed from the boot, it lost some of its rigidity and
was prone to moving around the foot during motion. However, the removal of rubber
material is probably not a good idea, as it will create areas that will accumulate dirt,
which could lead to possible infection. Wear patterns in the boot gave results which
validated those suggested by the FEA. Wear mainly occurred at the toe and the
quarters.
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Chapter 7 Conclusions and recommendations for future work
7.1 The initial problem and the design brief
In Section 1.3 criteria were stated which the boot design had to meet. The criteria
consisted of the following seven main points.
The boot:
1. must assist in faster healing after injury to the foot,
2. should have the ability for the boot to be worn when the horse is being
subjected to light work,
3. must have the ability to be used as temporary foot protection when a
horseshoe is lost,
4. should possess shock absorbing properties,
5. will have the ability to stay on and avoid rubbing the sensitive areas of the
hoof,
6. should preferably have no fastening devices, or if fastening devices proved
unavoidable, they were to be designed to cause minimal damage to the hoof,
7. should be capable of withstanding abrasive forces.

7.2 The solution
A novel design for an equine rubber boot meeting the criteria has been manufactured
and tested. The boot was made from one single piece of rubber material. A
compression mould was used to manufacture the boot. This mould consisted of two
female cavities and a core piece. The rubber was placed into the mould in strips and
the mould cured the product at an elevated temperature. The boot was removed,
cleaned and prepared for use in the field. The shape of the boot was designed to
match the shape of the sides of the hoof, with the shape of the heel buds providing a
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means of locating the boot on the hoof. A 50mm collar of material provides the user
means of pulling the boot over the hoof. This collar can also have material removed
from it, allowing the rubber to adhere more closely to the shape of the fetlock.
Fastening can be provided by lacing the boot, or by taping the boot. There is a 10mm
sole which provides good traction on abrasive surfaces and which cushions the
horses’ foot when it is in motion. Sweating in the boot is kept to a minimum, due to a
self ventilating pumping action provided by the closed sole, which allows the air in
the boot cavity to be changed regularly, when the hoof is in motion. The horse used
in the field-testing accepted the boot without any difficulties and adapted well to
wearing it.

7.3 Expert opinion on boot design
In order to evaluate the performance of the boot, with respect to the seven main points
detailed in Section 7.1, the boot was shown to an expert in equine foot care who was
asked for his opinions. An experienced and qualified farrier had a number of
comments with regard to the design and functionality of the boot. He liked the
flexibility of the rubber, which allowed for easy application of the boot, as well as the
ability to allow the heel to expand under the weight of the horse. This flexibility also
meant that the boot had excellent shock absorbing qualities, which made it ideal for
long distance riding over harder surfaces. The farrier also approved of the way that
the boot was constructed with the form of the hoof in mind. The moulded area at the
back of the boot allowed the heel buds to ‘key’ into the boot. This feature meant that
the boot located well on the foot. This caused minimal irritation to the heel buds, as
they were not being pressurised, as is the case with other designs. Sweating in the
boot was minimal. It is thought that this is due to a pumping action which occurs
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when the horse is in motion whilst wearing the boot. When the horse is standing with
its full weight on the boot, there is no air trapped in the boot. When this weight is
removed, the frog lifts from the sole of the boot, creating a cavity which sucks in air.
When the weight is reapplied, this air is expelled through the collar of the boot. With
this pumping action there is obviously more ventilation in the boot when the horse
moves at greater speed, meaning that there is a supply of fresh air around the heel
buds and the frog, when they need it the most.
The fasteners used in the boot were a combination of taping the boot and lacing the
boot. Both these methods of fastening were quite safe, as there were no metal
components contained on the fastening area of the boot which could cause serious
damage to the horse, unlike existing products on the market.
The farrier saw the boot as being excellent for a poultice application, as it was
watertight, easy to apply and less time consuming than bandages. Also, the horse was
quite comfortable wearing the boot. As well as taking an unshod foot, the boot would
be able to fit a horse with a horseshoe attached, giving it even greater versatility.

7.4 FEA Conclusions
FEA was used throughout to consider design options and validate prototypes. The
FEA model gave results which showed the maximum displacements and compressive
stresses were in the area around the quarters of the hoof. Additional stresses were at
the toe area of the hoof. The pumping action of the boot, discussed in Section 7.2,
was also simulated in the FEA. Removing material from the sole of the boot model,
showed a reduction in the force acting on the sole of the hoof. However, the field
tests showed that this reduced the rigidity of the boot, as well as providing areas
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which would act as collection points for dirt. The pumping action would also be
nullified by the removal of this material.
The results given by the FEA closely resembled those provided by the field testing,
thus validating the finite element model.

7.5 Recommendations for Future work

7.5.1 Recommendations for further FEA work
While the current analysis successfully models the behaviour of the equine hoof in
contact with a rubber boot material, it also has the potential to be used as a simulation
tool for further product development. Significantly, it can be modified to give
information on the stress characteristics of a horseshoe, while in motion. The
horseshoes’ performance could be investigated, whether made from steel or plastic.
The performance of a boot with a composite sole could also be investigated. The
rubber on the layer nearest to the ground could have a high level of wear resistance,
coupled with good traction properties. Subsequent layers could have progressively
greater shock absorbing properties.

7.5.2 Recommendations for future design work on the boot
There are a number of different features that could be incorporated into future boot
designs. Figure 7.1 shows a possible future design. As can be seen, the slope of the
hoof would be incorporated into the collar of the boot, meaning that the boot would
take the shape of the pastern, in the collar region. Grips could be added to the boot to
provide extra traction on potentially slippery surfaces. Work could also be carried out
to quantify the number of different boot sizes which would be needed to service the
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full range of sizes of equine hoof. The possibility of using Velcro as a fastening
material should also be investigated. Perforating certain areas of the boot to promote
breathing in the hoof could also be experimented with, if the option was being taken
to develop the boot as a performance-riding boot. If this was the case, the possibility
of layering sole materials should be quantified.

Figure 7.1 Possible future design.

7.5.3 Recommendations for future boot development work
The cost of manufacturing mass production style moulds can be quite an expensive
process. During the course of this project, a quotation for a single cavity steel mould
for producing boot was valued at €12,000. For future designs to be commercially
viable the potential market for the product should be accurately quantified and mould
costs should be kept as low as possible, especially if the boot is being manufactured in
a number of different sizes. Experts in the area of equine research, such as breeders,
vets and farriers should be consulted at all necessary times.
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GLOSSARY
1. .dxf - For drawing interchange format. An ASCII or binary file format of an
AutoCAD LT drawing file for exporting AutoCAD LT drawings to other
applications or for importing drawings from other applications.
2. Adhesion - The sticking together of surfaces or parts
3. Anisotropy - Having properties that are different in all directions in a material
at a point
4. Boltzmann's constant - 1.38 x 10-23 J / ok
5. Carbon-black - An amorphous form of finely divided carbon
6. Cauchy stress - True stress (Force/deformed area)
7. Co-efficient of friction - Friction is a resistive force that prevents two objects
from sliding freely against each other. The coefficient of friction (µ) is a
number that is the ratio of the resistive force of friction (Fr) divided by the
normal or perpendicular force (Fn) pushing the objects together.
8. CCD Camera - Charge-coupled device camera. In this text, a camera that is
connected to a computer system to digitise information from the images
produced
9. Conditioning - Taking a test-piece through a number of stress cycles to
remove stress softening.
10. Conformation – Structural soundness of the horse, in this text refers to the
proper shape and relative ‘straightness’ of the limbs.
11. Convergence – Convergence occurs when FEA program successfully
computes an analysis.
12. Copolymer - A polymer that comprises chains made up of two or more
chemically different repeating units
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13. Coronet band - Fleshy area above the hoof wall.
14. CPU – Central Processing Unit
15. Cross-firing – where the legs of a horse may hit against one another laterally
during motion.
16. Deep flexor tendon – Tendon which is attached to and supports the coffin
bone.
17. Digitising - Digitisers convert measured data of real objects into geometric
entities in a CAD program.
18. dressage – Type of equine sport where horses are judged on the technical
aspects of movement.
19. EdgeCAM - machining simulator for solid models
20. Entropy - A measure of disorder. Rubber has its greatest molecular disorder in
the unstrained state
21. EPDM - Ethylene-Propylene Diene Monomer. Type of synthetic rubber.
22. Force platform - Instrument used for measuring the reaction force which a
limb experiences when it strikes the ground. Typical platforms use a number
of strain gauges which are calibrated in relation to each other to give the
position and direction of the measured force.
23. Frog – Fleshy part of the hoof sole between the toe and the heels.
24. G = Shear (rigidity) modulus
25. Gaussian error function - Error function complying with the bell shaped
probability curve developed by K.F. Gauss.
26. Hermann variational principle - A method for de-coupling hydrostatic and
deviatoric stress to permit high strains to be computed.
27. Hookean – Conforming to Hooke’s Law that relates stress to strain linearly.
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28. Invariant - Non-varying quantity irrespective of the cartesian axis system
chosen.
29. IRHD - International standard for rubber hardness.
30. Isochoric - Volume retaining, incompressible.
31. Isotropic - Having properties that are the same in all directions in a material at
a point . Most metallic alloys and thermoset polymers are considered
isotropic, where by definition the material properties are independent of
direction. Such materials have only 2 independent variables (i.e. elastic
constants) in their stiffness and compliance matrices.
32. Kinematics – Study of bodies in motion with no associated masses.
33. Loft - creating a surface through a series of curves.
34. Monomer or (mer) – The single unit that with others joined chemically end to
end makes up a polymer chain.
35. Naked edge - A surface or polysurface edge that is not connected to another
edge. Solid objects do not have naked edges.
36. NURBS - Non-Uniform Rational B-Splines, are mathematical representations
of 3-D geometry that can accurately describe any shape from a simple 2-D
line, circle, arc, or curve to the most complex 3-D organic free-form surface or
solid. Because of their flexibility and accuracy, NURBS models can be used in
any process from illustration and animation to manufacturing.
37. Ossified - Become inflexible and bone-like.
38. Plane strain

Having zero strain in one direction (usually the 'z' direction).

39. Rendered- the model can be rendered to see a realistic view. There are two
options, the quick render preview, and the color-and-shadows Render.
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40. Rhinoceros - Rhino can create, edit, analyze, and translate NURBS curves,
surfaces, and solids in Windows.
41. Sagittal Plane – Plane coincident in the direction of movement.
42. Scragging - See conditioning
43. Strain crystallising - The property of forming crystals with an associated
change in size.
44. Stretch ratio - The ratio of deformed to original length (i.e. 1+λ)
45. T - Absolute temperature in Kelvin.
46. transverse plane
47. Van der Waal's forces - Relatively weak forces between atoms that are not the
result of chemical bond formation, hold non-polar molecules together.
48. Viewports - Viewports are windows on the Rhino screen that show you a view
of your model. You can move and resize viewports by dragging the title bar or
borders.
49. VisualNastran – Three-Dimensional CAD motion analysis program.
50. Vulcanisation The process of forming cross-links between long chain
molecules by chemical reaction, achieved by heating rubber in the presence of
sulphur and/or other reagents.
51. White line – Soft material which is a part of the hoof wall. It is this material
into which farriers nail the shoe in place.
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Appendix A Engineering Drawings
Compression Mould

Figure 35. Design of Aluminium Mould
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Appendix B Equine foot disorders
The Navicular Bone

The navicular bone is located directly behind the coffin bone, wedged in between the
short pastern and coffin bone. By being wedged in between the two bones, the
navicular bone increases the size of the coffin joint, permitting the joint to absorb
more force and concussion.

The deep digital flexor tendon stretches from the coffin bone, under the navicular
bone, to the upper back part of the horse's leg. The navicular bone acts as a pulley on
the deep digital flexor tendon, which takes a sufficient amount of stress off the coffin
bone by absorbing a majority of it.

From: http://www.equusite.com/lessons/health/healthNavicular.html
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Navicular syndrome
Navicular syndrome is usually a chronic bilateral foreleg lameness in horses of all
ages. It is most often seen in Quarter horses, Thoroughbreds, and Warmblood breeds.
It is a progressive degenerative condition involving the navicular bone, the bursa and
the deep digital flexor tendon (DDFT) of one or, more commonly, both front feet.
It is a complex syndrome with a multitude of symptoms, possible causes and forms of
treatment. Horses with the condition frequently have degenerative joint changes
elsewhere in their limbs, which may explain the poor success rate in treating this
disease.
Some people believe that the lameness is caused by pain arising from the soft tissue
structures of the heel, rather than the navicular bone itself.
From: http://www.ecis.com/~hplove/vet/navic01.html

Signs of navicular syndrome
While walking, the horse with navicular disease tends to place its weight on the toe to
avoid placing pressure on the heel area, which contains the inflamed navicular bone
and bursa. Since the horse does not place weight on the heel, it takes longer to stop
the stride. While standing, the horse tends to shift its weight continuously. This
relieves pressure, and thus pain, on the heel areas. Since the horse tends to place its
weight on the toes during movement, the gait is very rough and sometimes gives the
appearance of lameness in the shoulder. The horse is often lame after work, but the
lameness may disappear with rest. Because there may be comparably poor circulation
in the foot, the heels and adjacent hoof may become smaller and contract (see Figure
1).
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Figure 1. Poor circulation associated with navicular disease can cause the
affected foot to become smaller.

From: http://muextension.missouri.edu/xplor/agguides/ansci/g02743.htm

Causes of navicular syndrome
There are three main schools of thought about navicular syndrome. There may be
validity in each and so, in some cases, may collectively contribute to the syndrome.
•

Concussion and trauma to the bone, bursa and ligaments, usually associated
with horses with "long toe, low heel" conformation.

•

Disruption of the blood supply within the navicular bone which leads to a
painful degeneration (necrosis).

•

Part of a more generalised arthritis.

Factors common to all three include poor conformation, foot shape and hoof/pastern
axis – either collapsed or too upright – plus strenuous work combined with long
periods standing in a stable.
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Diagnosis
A veterinarian should be contacted when signs of lameness are noticed. Most
veterinarians use hoof testers as an aid in the diagnosis of this condition. Applying
pressure with hoof testers over the frog area produces pain, and the horse may flinch
if the disease is present (Figure 2). The hindfeet should be tested with hoof testers to
compare the reaction with that of the forefeet.

Figure 2. Pressure applied to the frog area by a hoof tester will cause the horse to
flinch if navicular disease is present.

A locally injected aesthetic that temporarily blocks the nerve supply to the affected
area will relieve the pain for a short period of time. In this way the veterinarian can
determine whether or not navicular disease exists. If the horse was lame before the
injection, and walks normally after the injection, it may be assumed that the lameness
is located in the navicular area.
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Treatment
Corrective shoeing is helpful. A bar placed across the heels aids in relieving the
pressure on the heels. Rasping the quarters of the hoof wall or cutting grooves in the
wall aids in relieving foot contraction. Rubber frog supports (properly applied) may
be a superior method of restoring frog pressure. Cutting the nerves that supply the
navicular area may be effective also, but can lead to several complications and
therefore should be performed only when other approaches fail.

Laminitis
Definition

Laminitis is defined as the inflammation of the pedal laminae, which provide the
support between the hoof wall and pedal bone. It results in the failure of the inner
hoof wall to attach to the bone inside the hoof, called the coffin bone. A horse has
laminitis when the finger-like projections (lamellae) of the inner hoof wall no longer
suspend the coffin bone.

Without proper attachment to the inner hoof wall, the weight of the horse and the
forces of movement drive the coffin bone down, damaging arteries and veins and
crushing the living tissues of the coronary band and sole. This leads to unrelenting
pain and a characteristic lameness. This severe lameness, if untreated or nonresponsive to treatment, can cause permanent loss of function for the horse or even
lead to the horse being destroyed.

Founder is a horseman’s term for laminitis. The term arises from horsemen describing
the coffin bone “sinking” or the hoof collapsing. A "sinker" is a horse whose coffin
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bone has lost all attachment to the inner hoof wall and dropped to the bottom of the
hoof.

There are generally considered to be three phases of laminitis: developmental, acute
and chronic. It must be remembered that these phases overlap.

Developmental phase

The developmental phase, which actually occurs before the onset of foot pain, is when
the separation of the lamellae from the coffin bone is triggered. This phase begins
when the horse comes in contact with the inciting agent and ends with the first
episode of lameness.

Any number of factors may incite founder, including grain overload, colic, retained
placenta, exhaustion, contact with black walnut shavings, lush grass (grass founder),
excessive concussion (road founder), and excessive cold water (water founder).

This phase may be as short as 8-12 hours when the laminitis is caused by exposure to
black walnut shavings or 30-40 hours in the case of grain overload.

It is during this phase that the actual damage is occurring to the feet. Any treatment
administered during this phase tries to prevent clinical laminitis. However, no clinical
signs are associated with this phase of the disease. Treatment is, therefore, based on
probability of laminitis.
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Acute Phase

The developmental phase of laminitis merges into the acute phase, which occurs from
the onset of foot pain to evidence of movement of the coffin bone within the hoof.
This evidence is usually obtained by x-rays.

The acute phase begins with the first onset of clinical signs. Signs include a
“bounding” digital pulse, warm feet, “camped-in-front” stance, and an abnormal gait.
The severity of the lameness relates to the severity of damage to the laminae. This
phase is of short duration lasting only 48 hours or when coffin bone displacement
(rotation or sinking) occurs.

After the acute phase, if the horse does not die of the disease that caused the laminitis,
it can make an apparent complete recovery or become a "sinker," the hallmark sign of
chronic laminitis. The chronic phase can last indefinitely with signs ranging from
persistent, mild lameness to continued severe foot pain, further breakdown of the
lamellae and a deformed or even sloughed hoof wall . The horse may even have to be
destroyed.

It is important to realise that the process which triggered the lamellae to breakdown
begins to operate during the developmental phase before the first sign of foot pain.
During the developmental phase, the specific problems of the horse often have to be
attended to urgently (grain overload, tying up, retained placenta). Unfortunately, the
disorder may not be evident until the signs of foot pain appear. By the time foot pain
is apparent, destruction of the lamellae is under way. In other words, foot pain is the
outward sign that lamellar destruction is occurring. To wait and see if foot pain is the
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sequel to another organ system's crisis is to miss the opportunity to prevent or at least
lessen lamellar damage.

Chronic Phase

The chronic phase begins 48 hours after the onset of lameness or when coffin bone
rotation occurs. Radiographs are a must to determine the alignment changes between
the bone and hoof that have occurred.

The mechanics of rotation are not completely understood, but what is thought to occur
is that, once the laminae die from a lack of blood supply, the foot does not
automatically “fall apart.” However, the horse standing or walking on the leg stretches
the laminae, which weakens them. Once the laminae are sufficiently weakened, the
deep flexor tendon, which attaches to the bottom of the coffin bone, literally tears the
coffin from the hoof wall. If enough laminae have been weakened, the horse’s weight
pushes the coffin bone through the bottom of the foot, i.e., “sinker.”

The measured founder distance, which is determined from a lateral to medial
radiograph, is defined as the distance from the most proximal portion of hoof wall to
the proximal aspect of the extensor process of the third phalanx. As the founder
distance exceeds 14 mm, the chances of recovery decrease below 50%.

Treatment

The main objective of treatment is to prevent coffin bone rotation and to maintain or
re-establish the coffin bone/hoof wall alignment.
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Support of the skeletal column is imperative. However, direct pressure on the sole
during active rotation or displacement of the coffin bone can result in solar necrosis.
A wide variety of shoes and shoeing methods can be used for treatment of the feet.

Care of the foot is of utmost importance to prevent coffin bone displacement. The foot
is in equilibrium between supportive and distractive forces. The distractive forces
include the horse’s weight, the pull of the deep digital flexor tendon and a shearing
force at the toe. Supportive forces include the extensor tendon, the sole and frog and,
most importantly, the laminae.

When the laminae are damaged, the other supportive structures must be increased or
the distractive forces decreased to maintain the skeletal support. Packing of the frog
and sole helps increase this support. Care must be taken not to apply too much
pressure, which could disrupt the solar circulation. The packing material must be
applied to distribute pressure evenly.

Frequent examinations of the hoof are necessary to prevent or recognise problems at
the earliest onset. Raising the heels of the foot 12 degrees to 20 degrees to decrease
the pull of the deep digital flexor tendon and change the stresses on the coffin bone
has recently been shown to be another effective means of helping prevent rotation.

The more traditional method of therapy is to trim the hoof, so that pressure is removed
from the toe and that support can be applied evenly. However, laminar damage may
be so severe that, despite these efforts, the coffin bone displaces.

Hoof wall resection is a technique that removes or thins the hoof wall down to the
level of the sensitive laminae. This is to expose necrotic tissue and provide drainage
of infected laminae. It is also performed to relieve pressure on the coronary band, to
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allow proper hoof wall growth, and to achieve better stabilisation of the bone with
less impairment to the circulation.

Tendon-releasing procedures are performed to either decrease or relieve the pull of
the deep flexor tendon on the coffin bone. Cutting the inferior check ligament
(ligament that attaches the deep flexor tendon to the back of the knee) reduces deep
flexor tendon pull while maintaining tendon support to the foot. This surgery is best
for cases where there is 5 to 10 degrees of rotation.

Deep flexor tenotomy eliminates the deep flexor pull, so that force is no longer on the
foot. However, the foot does lose all tendinous support, but the tendon ends will heal
together in about eight weeks. Tenotomy is most effective when performed on the
chronic laminitic horse when pain is directly related to coffin bone rotation, when
there is poor hoof growth at the toe, or when there is chronic abscessation due to
coffin bone rotation. To be most effective, tenotomy should be combined with
corrective shoeing designed to realign the hoof capsule around the deviated coffin
bone and to increase the weight-bearing area of the foot. Tenotomy is least effective
when performed in cases of acute laminitis, sinkers, or those with radiographic
evidence of coffin bone disease.

Prognosis

The prognosis for any horse with laminitis is dependent on many factors. Among
these factors are pain, solar prolapse, and severity of displacement. The severity of
damage to the laminae and duration of the lameness will obviously also affect the
probability of permanent damage to the hoof.
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The horse’s response to treatment, however, provides direct insight into outcome.
That is, as long as treatment is controlling lameness, one can be optimistic. Athletic
prognosis decreases with increasing displacement. With any rotation over five
degrees, the chances of having an athletic horse after a bout of founder significantly
decreases.

The types of shoeing techniques that are used to treat hoof problems

A horse is usually shod for the following reasons:

Protection of the hoof from excessive wear. This is the most important and basic
reason for the application of shoes.

Traction for enhanced performance. Traction is improved by the addition of shoes
that:
Have caulks, cleats or grabs that penetrate the ground or turf to improve the grip.
Creasing or grooving the bar stock of the shoe itself increases traction.
Have "borium" or tungsten carbide applied to the ground surface. Borium is harder
than rocks or pavement and digs in to prevent slipping.
Have a good rubber surface that is soft to afford a good purchase on hard surfaces.
Many compounds such as rubber, polyurethanes and plastics are used.
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Corrective shoeing for conformational faults. The correction aspect of
horseshoeing is when the application of the shoe affects a permanent change in the
horses conformation. This is only possible when the horse is still growing.

Compensatory shoeing for gait faults. These are shoeing measures applied after the
animal is mature. Poor conformation is the primary cause for interference of the
limbs when the horse is doing its job. Shoes are constructed with different features
designed to correct the foot flight so the limbs do not collide. Configuring the shoe to
provide more support or to modify the breakover can help deficient conformation.
Therapeutic shoeing for the treatment of disease or injury. Injury and disease can
cut short a performance horses career. The use of the shoe may help to counter these
effects and prolong the use of the horse. Increasing the coverage of the foot and
decreasing concussion helps slow cartilage and bone degeneration. The support
feature of a bar shoe helps prevent tendon and ligament strains. Increasing the web of
the shoe, or the addition of pads can help with sore feet by increasing the coverage of
the sole. Concussion can be reduced by the use of pads or special shoes with treads.

Hoof problems caused by shoes
The disadvantages associated with shoeing are listed below:
•

If a horse loses a shoe, it may take a large part of the hoof wall with it.

•

A horse may injure itself from the blow from the steel of a shod hoof.

•

If a horse suffers from "brittle feet", it may be difficult to keep a shoe in place for
any significant length of time.

•

The shoe restricts the expansion of the foot. This can result in heel contraction,
which is painful for the horse.
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Metals are not the optimum materials to use for shock absorption. This combined
with lack of hoof expansion, results in the hoof suffering from increased concussive
forces.
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Appendix C Concussion in the equine hoof
Studies of the Concussion on the Horse’s Limbs

At the instant the hoof strikes the ground, it is rapidly decelerated, and this sends a
shock wave up the horse’s limb. The shock wave is characterised by having a high
amplitude and rapid vibration frequency; these characteristics make it particularly
damaging to the bones and joints. In people, the effects of impact shock are
responsible for the development of problems such as arthritis. Activities that involve
running or jumping, in which there is an airborne phase, are much more damaging
than walking or stepping, in which there is always at least one foot on the ground.
This is why people tend to get fewer injuries when doing low impact aerobics. In
horses, impact of the hoof with the ground is the most important phase of the stride in
relation to the development of degenerative joint diseases, such as arthritis, which is
the most frequent cause of premature retirement from training and competition in
dressage horses. The big movement and lofty suspensions that are favoured in
dressage, combined with the large size and weight of the horses, exaggerate the
damaging effects of the impact shock and increase the likelihood of arthritic changes
later in the horse’s career. Since footing and shoeing have a profound effect on impact
shock, we need a lot more information about the surfaces and shoes that reduce
impact shock.

From: Biomechanics of the horse (Presented by Dr. Hilary Clayton at the United
States Dressage Federation Convention, December 6, 1997)
http://www.cvm.msu.edu/dressage/articles/mcpres/usdfbiom.htm
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Concussion – Axial Compression Forces
The front limbs bear the main brunt of concussion because it is they that take the
weight of the horse coming down from a jump, and also because they carry the greater
proportion of body weight. This is reflected in the higher incidence of concussive
lameness in the forelimbs, e.g. pedal ostitis, navicular disease, ringbones,
sesamoiditis, splints, sore shins, carpitis, etc. Its influence is also affected to an extent
by the fact that there is no natural angulation of the knee – as there is with the hock –
to absorb concussion. However, if there were, the front leg would not be so stable
when required to take the animals weight as needed.

From: Horse structure and movement, Smythe and Goody pages 12-13

Concussion
Concussion is an essential element of every stride and movement, especially at speeds
faster than the walk, it is accentuated by camber, surface and hardness of the ground
beneath the foot. It is the force sent vertically up the leg every time the limb strikes
the ground. Thus the limbs of a horse jumping down from a field onto a hard road
will evidently absorb concussion to a degree that could easily end in injury, but the
concussion absorbed by a fit, shod horse while trotting fast along a hard road may not
be that much less.
Concussion is not only affected by condition of the ground surface, but also by fitness
because exercise tends to strengthen and harden the body from the flaccid unfit state
of the sedentary animal. An uneven, stony or pot holed road may force the joints to
take strain to one side or the other, bending them in such a way that could cause
injury. A steep camber may have the same effect.
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It is surprising how many marginally lame horses show increased signs on uneven
surfaces, not just on stones that may contact the sole, but simply from trotting up or
downhill. All these factors have their own importance when trying to diagnose
lameness. Horses with splints and sore shins are often more lame trotting downhill on
a firm surface, while those with muscular problems may be far worse when climbing
a soft bank. Similarly, muscular injuries can have serious implications for swimming
horses. Failure to appreciate this sometimes leads to accidents. For example, horses
with back muscle injuries may be unable to swim, leaving them susceptible to
drowning.
The important thing when meeting concussion is that the horse’s anatomy be given
the optimum chance of dealing with it as nature intended, i.e. without injury. This is
one of the reasons why horses are shod; it is the purpose of the shoe to protect the foot
from undue wear, to limit concussion and to spread its effect through the structures of
the foot in a natural way. To achieve this the foot must be properly levelled, the frog,
digital cushion, cartilages and blood plexuses must all function normally, and there
must be no pressure on sensitive tissues or bruising from nail or shoe on structures
which may become inflamed or infected.
In relation to concussion, the critical aspect of the well-fitted shoe is the level of the
bearing surface and the way the foot strikes the ground. The level of the foot must be
correct, otherwise a level shoe will not meet the ground on a level plane. For this
reason, it is necessary that a horse be walked and trotted for the farrier before shoeing,
so that he can see the shape and action and trim the foot accordingly, ensuring it is
level when shod. It is also imperative that the finished shoe itself be level, otherwise
the whole balance of the leg is disturbed. Certain types of shoe contain areas for
providing grip on slippery surfaces and it is not uncommon for these to wear
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unevenly, thus leaving a shoe which is unstable, and possibly resulting in injury to
joints directly affected.
In certain cases, foot balance may be disturbed because of inherent faulty
conformation of the animal. Deviations at the fetlock or knee may cause the bearing
of foot and ground to be unlevel. The consequent effect may mean that concussion is
absorbed mainly by the structures below the faulty joint, thereby causing serious
limitations to the animals ability to perform. As with the human athlete, it is vital that
this imbalance be altered by corrective shoeing when possible, even if this means the
animal spending its life wearing shoes with outer and inner bars of a different
thickness. The important thing is that the animal be protected from the effects of its
own, perhaps slight, anatomical problem so that it can lead a useful, and as far as
possible, natural life.

Concussion is met by the limb and body in the following sequence:
The foot – in particular the frog, digital cushion, cartilages etc. allow for a certain
amount of absorption and are designed to limit the effect on each structure involved.
The backward inclination of the pastern and its tendoligamentous supports assist this.
The construction of the fetlock and sesamoids with the strong ligamentous bonding
and tendinous support helps save these structures and steer concussive forces up
through the cannon
The knee and hock act as shock absorbers.
The angulation of the elbow/shoulder joints in front and the hock/stifle/hip joints play
their parts in reducing the concussion.
The muscle masses of the upper limb absorb concussion.
Finally, the body and spine are affected.
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It is evident that any weakness on this anatomical line can lead to injury in the region
where it exists. Thus, if the frontal angulation of the limb where it meets the ground
is away from the perpendicular, the site where weakness exposes itself is usually
where a perpendicular line from the centre point of ground contact emerges through
either aspect of the limb. The result may be sprain, strain or fracture of any of the
structures involved – it is the most common cause of splints in mature animals.
Even when conformation is ideal, however, there is never any way of preventing the
possibility that a horse will put its foot in a hole when travelling at speed. Tendon
injuries, too, may occur as a result of a limb being overstretched mechanically – on
landing awkwardly after a jump, for example. But these injuries are also the legacy of
faulty training techniques, of too much hurry in getting animals fit and they may
result as secondary conditions when other mechanical limitations on movement, such
as muscle damage, puts an undue strain on the tendons.

From: Horse structure and movement, Smythe and Goody pages 181 – 184

How conformation affects concussion in horses.
When selecting or judging a horse, conformation is crucial. For athletic ability and
soundness, the following angles of the horses body are important: the slope of the
shoulder, the slope of the pastern, the angle made by the line from point of hip to
buttock and the line from the point of buttock to the stifle joint. In most horses, these
angles are all similar within the individual animal; the horse will have the same type
of angle at all these important spots.
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A horse with a short, steep shoulder (upright rather than well-sloped back) will also
have short, steep pasterns and a rather wide angle in the hindquarters. By contrast, the
horse with a longer, well-laid-back shoulder (an acute angle made by the shoulder and
a line drawn from the point of shoulder to elbow) will have more sloping pasterns and
an acute angle in the hindquarters.

When selecting a horse for athletic ability and durability, the horseman looks for those
acute, sharp angles, preferring a long, sloping shoulder and sloping pasterns over a
horse with shorter lines and steeper angles. The sharper angles make for better action
and freedom of movement, as well as less concussion on all the bones and joints. The
angles in the horse's shoulders, quarters and pasterns govern whether or not the horse
will be smooth and free flowing in his gaits and movement, and whether or not he will
stay sound. Those angles help determine how much concussion the bones of the feet
and legs have to take. Concussion is a major factor in the breakdown of vital
structures, causing lameness and sometimes permanent unsoundness.

If the shoulder is too steep, it results in the front legs being back too far under the
horse. This makes him unable to reach out in front as he should, making for a shortstrided, choppy gait and less speed. When travelling at speed, a good horse should be
able to reach out past his nose with his front feet.

A sloping, well-laid-back shoulder is essential for speed because the humerus
(forearm bone) can be flexed more completely. There is more room for complete
extension and flexion: the leg can be advanced farther forward, improving the action
of the horse at all gaits and increasing the potential for speed.
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A horse with a long, sloping shoulder also has room for better length of muscle. A
straighter, more upright shoulder, by contrast, carrying the same volume of muscle, is
heavier and bulkier, making the horse more awkward and clumsy. It can be
detrimental to speed because of split seconds lost due to less fluidity of movement.

The horse with upright shoulder and similar wide angle in the hindquarters is cramped
in his leg action, and his gaits lack elasticity and freedom. Movements are less smooth
and springy, and there is more concussion when his feet hit the ground.

The angle in the hindquarters helps determine a horse's speed and agility. The sharper
the angle, the better reach he has with his hind legs. Just as in the shoulder, if the
angle is too wide, the movement of the legs will be more cramped. Thus, his stride is
shorter. The shorter-striding horse must work harder (moving his legs faster) than the
longer-striding horse, to travel at the same speed. Thus, he generally lacks the
endurance of the longer-striding horse, wearing out more quickly.

A well-sloped shoulder acts as a shock absorber, decreasing the amount of concussion
transmitted to the body. Concussion affects the front end of the horse more than the
hind, because the front legs carry more of the weight due to the horse's centre of
gravity being forward and also because of the way the front legs are constructed. Due
to the formation of the knee joints and elbow joints, the front leg forms a solid,
unyielding column (except for the pastern, which has some give) each time weight is
placed on it. The knee absorbs some concussion through its two rows of overlapping
bones, but it cannot make use of flexion as the hock does in the hind leg. The extreme
flexibility of the hock joint, accompanied by stifle flexion, absorbs nearly all the
concussion in the hind leg.
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The front legs, by contrast, can only depend on the shoulder and pasterns for any
appreciable "give," so the shoulders and pasterns must slope adequately to allow some
give and thus absorb much of the stress and shock. Otherwise, the horse will be much
more likely to suffer from concussion-related problems such as navicular disease,
ringbone, sidebone, splints, road founder, bucked shins and breakdown of joints.

To prevent these sorts of problems and decrease the chances of breakdown and injury,
choose a horse with good angles. Conformation, especially body angles, will be
inherited, so it is just as important to look closely at angles when selecting breeding
stock as it is when choosing a horse for athletic competition.

Reference:
CONFORMATION: The Importance of Angles
By Heather Thomas , copyright Anvil Magazine.
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Appendix D Products available on market

Davis Barrier Boot

•

Used for continuous soaking when conditions such as abscesses, thrush, puncture
wounds and other aggravated foot conditions exist.

•

Also relieves pressure when signs of bruises, corns or cankers appear.

•

The boot opens wide for easy on-off application.

•

Reusable.

•

Approx. £22 per boot.

Horsneaker

•

Can be resurfaced several times
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•

Custom made.

•

You must take impressions of your horses feet yourself.

•

The average cost is $125.00 each.

•

Price: $95 - $190 each.

Sabre Sneakers

•

Were originally developed for a horse who did not have enough wall to nail shoes
to.

•

Their bulk makes their suitability for riding questionable.

•

The strings could become untied in mud.

•

They can be custom made from tracings of the animal's feet.

•

Not suitable for fast work.

•

For somewhat less money, there are standard, off-the-rack Sabre Sneakers in
standard horseshoe sizes.

•

Sneakers may be used on shod and un-shod hooves.

•

They may be used for soaking.
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•

Price - $60 each.

Equiboot

•

Similar to Easyboot.

•

Suffers from the same design flaws as the Easyboot.

•

Price - £34 each.

Swiss Horse Boots

•

Can make heels sore.

•

Possibility of hoof turning in the boot.

•

Size can be adjusted slightly, using a heating device.
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•

Manufacturer warns that the boot could be flung off in "unusual circumstances",
such as galloping.

•

Price: $66 each.

Other available boots

Shown here are the Marquis boot and the Dallmer Clog. There is little information
available about these, as the products websites are in German.
However, it can be seen that the boots are open and have a buckle mechanism as a
way of holding the boot to the foot.

Marquis Boot

Dallmer Clog
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Appendix E Market Research
Market Research

The following are industry statistics from The Irish Horseracing Authority for the year
ended 31st December 1999.

Horses in Training
Average 1999

Average 1998

Two-Year-Old

411

399

Three-Year-Old

472

495

Four-Year-Old

579

535

Five-Year-Old

878

878

Six-Year-Old

2,326

2,180

Total

4,666

4,487

1999

1998

Thoroughbred Stallions

344

382

Thoroughbred Mares

13,928

13,306

Thoroughbred Foals

8,119

7,718

Breeding & Sales

Breeding
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Sales
Catalogued

8,313

7,491

Offered

6,880

6,212

Sold

5,492

4,946

Aggregate £'000

68,954

59,095

Average £

12,555

11,948

Irish Figures
The Irish horse population is in the region of 70000. The vast majority of these
animals need to be shod.
There are approximately 400 farriers working in Ireland today. 119 are registered
with the Irish Master Farriers Association.
A farrier typically uses 100 shoes per week.
The average price for a steel shoe is £1.50 (£6 for a set). The average price a horse
owner pays for a horse to be shod is £43.20 (£10.30 per shoe).
A horse is shod, on average, every 4 weeks. This means that horse owners spend
approximately £560 per year on shoeing, per horse.

U.K. Figures
More than 600,000 horses live on the British Isles of which 500,000 are in use and
hence economically of importance. The two most valuable sectors within the diverse
equine industry are racing and associated thoroughbred breeding.
They turnover £300m and £200m respectively, with sales returns, the pivot point of
the breeding industry, contributing around £75m a year to the latter figure.
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Indirectly, racing generates a further £4,800m in betting turnover, an industry that
employs 35-40,000 people.
Non-thoroughbred breeding turns over less (~30m), but still contributes significantly
to employment providing over 3,000 jobs.
Expenditure through hunting is £120m, while the sports (Show jumping, Horse Trials,
Polo etc.) are now experiencing a growth in popularity.
The economic contribution of these sports to the equine industry comes
predominantly as a result of expenditure in the ancillary industries which turnover in
excess of £400m each year and employ 17-18,000 people.
Farriers estimate that horse owners spend £62m p.a. on shoeing. Horse owners
estimate over £100m p.a. (£ Sterling)
The equine industry employs 50,000 people directly, 200,000 indirectly. It is the
second largest land based industry, utilising 800,000 hectares, with a turnover of
£760m, equivalent in financial terms to the UK record industry.
Equestrianism is a £2.5 Billion industry (figures for 1999).

Ref: The Royal Agricultural College Cirencester, Gloucestershire, Student
Dissertations, BSc (Hons) Equine and Agricultural Management, A Critical
Analysis of the Economic Value of the British Equine Industry, Tim Hadaway
1995.
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US Figures
There are 6.9 million horses in the U.S., including both commercial and recreational
horses.
725,000 of those horses are involved in racing and race horse breeding, while
1,974,000 and 2,970,000 are used in showing and recreation, respectively. 1,262,800
are used in other activities, such as farm and ranch work, rodeo, polo, police work,
etc.
7.1 million Americans are involved in the industry as horse owners, service providers,
employees and volunteers.
3.6 million and 4.3 million of those participated in showing and recreation,
respectively, with some overlap in cases of people who participate in both activities.
941,000 people participated in racing in either a professional or volunteer capacity.
1.9 million people own horses. In addition to the people actually involved in the
industry, tens of millions more Americans participate as spectators.
In terms of employment, the industry directly employs more people than railroads,
radio and television broadcasting, petroleum and coal products manufacturing and
tobacco product manufacturing.

Economic

Number of

Number of

Number of

Total Taxes

Impact

Americans

Full-Time

Horses

Paid

Involved

Jobs

7.1 million

1.4 million

6.9 million

$1.9 billion

$112.1 billion
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Ref: The Economic Impact of the Horse Industry in the United States, American
Horse Council Foundation, 1999.
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Appendix F Kinematic Studies

Joint Movements in the Equine Limb

A lot of useful information about how a horse moves can be obtained by watching it.
Using video, the motion, or kinematics of the horse’s limbs can be quantified, and
studied in more detail. It is difficult to measure forces produced by a muscle directly,
so the forces must be estimated indirectly.
Firstly, a simplified model of the limb is created. The kinematics are combined with
the knowledge of the inertial properties of the limb and any external forces to estimate
the net effect of muscles at various joints. These net muscle effects are known as
Joint Torques or Joint Moments since the muscles are modelled as generators of
rotational force or torque.
When the net muscle effect is working to move the joint, the muscles are performing a
concentric contraction. When the net muscle effect is working against the motion of
the joint, the muscles are performing an eccentric contraction.
Concentric muscle contractions add mechanical energy to the limb, while eccentric
muscle contractions remove mechanical energy. The rate at which this energy
changes across a joint is known as joint power. Knowledge of net muscle function
through Joint Moments and Powers can be combined with information on muscle
activity patterns during a given motion. Muscle activation times are measured with a
technique known as electromyography (EMG), which uses sensors to record the
electrical activity in muscles.
When information describing which muscles are active at any given time is combined
with a knowledge of the anatomy of the horse, we can speculate on how the horse
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creates different Joint Moment and Power Profiles and thus have a greater insight into
how the horse moves.
High-speed video equipment is used to collect the kinematic data, and a force
platform for collecting external ground reaction forces. Data focuses on the motion
and forces in the sagittal plane of the horse. The motion of the limb during
locomotion is assumed to be primarily two-dimensional.
The technique used to estimate the net muscle torque at the various joints is known as
Inverse Dynamics. This method uses the simplified model of the horse’s limb, the
kinematic data describing the motion of the limb, information on the known forces at
one end and the inertial properties of the model to calculate the forces in the rest of
the limb. The limb is modelled as a series of segments linked together by frictionless
hinge joints. The net muscle forces are modelled as torque generators at each joint.
The model is formulated in such a way that, if the forces are known at any instance in
time at one end of a segment, they can be calculated for the other end. These newly
calculated forces become the known forces for the end of the next segment, and so on.
When the limb is on the ground, the external forces acting on the end of the hoof are
measured using a force plate. When the limb is in the air, the forces acting on the
hoof are zero, in compliance with the laws of equilibrium. Thus, the forces in each
joint of the model can be calculated.

From: http://www.horsequest.com/journal/educate/mcphail.html
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The walk is a natural symmetrical gait performed by all horses in which the footfalls
occur in a 4-beat rhythm with a lateral sequence of hoof placements: left hind, left
fore, right hind, right fore. The limb support sequences alternate between tripedal (2
hind/one fore or 2 fore/one hind) and bipedal (lateral pair or diagonal support).

The objective of the study was to record the sagittal plane forelimb kinematics
through the stride and to seek associations between stance phase kinematics and the
concurrent vertical and longitudinal GRFs in walking horses.

Video (60 Hz) and force (2000 Hz) data was collected from five sound horses during
walking. Forelimb data was analysed for eight strides (4 left, 4 right) per horse to
determine sagittal plane kinematics and ground reaction forces (GRFs).

The data was collected from 5 horses (2 Thoroughbreds, 1 Quarter Horse, 1 Arabian,
1 Morgan Cross), weighing 477-572 kg and measuring 143-156 cm high at the
withers. All horses were clinically sound with no recent history of lameness.

Circular retro reflective markers, 3.5 cm in diameter were placed over 7 anatomical
landmarks on the lateral side of both forelimbs. Lines connecting the markers defined
the limb segments and the angles between adjacent segments defined the joint angles.
Sagittal plane video data was collected using a super VHS camcorder oriented
perpendicular to the runway in which the force plate was embedded. The zoom lens
was manually adjusted to produce a field of view that was approximately 3m wide
and the shutter speed was set to 1/500 s. The camera was equipped with a 500 W
light source to illuminate the markers on the horse.
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Three-dimensional GRF data was recorded digitally at 200 Hz, using a force plate
measuring 60 x 120 cm (AMTILG-6)2. An experienced operator triggered the force
plate acquisition system as the horse approached the test area.

An LED in the field of view of the camcorder was activated when the vertical GRF
was above 50 N. Illumination of the LED was used to synchronise the vertical and
longitudinal force components with the video recordings.

For the limb on the force plate, initial ground contact was defined as the first frame in
which the LED was illuminated. Lift-off was the first frame in which the LED was
no longer illuminated. For the other limbs the instants of ground contact and lift off
were determined visually from the videotapes with an accuracy of ± 8 ms. The
markers on the scapula and humerus were corrected for skin displacement in
accordance with van Weeren et al. (1992).

Kinematics and GRFs of the walk are inherently symmetrical in sound horses
(Hildebrand 1965; Merkens et al. 1986). Therefore, data for the left and right
forelimbs was collapsed into a single variable for determining ensemble averages
(mean ± s.d.) for the group of horses. Segment angles were measured from the
vertical on the caudal/palmer aspect at the proximal end of the segment. Positive
values were assigned when the distal end of the segment was cranial to the proximal
end and the negative values were assigned when the distal end was caudial to the
proximal end.
The direction of segment rotation was described as cranial or caudal, depending on
the direction of rotation of the distal end relative to the proximal end. Joint angles
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were measured on the anatomical flexor side of each joint, which was the palmer side
for all joints except the elbow.
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Appendix G Model and mould manufacture
Model Creation
How the moulds were created.

The hairline around the coronet band and also the hair around the heels were shaved.
This was to ensure that the plaster cast did not stick to the hair.

This picture shows the hoof prior to the first casting. As can be seen the shoe was still
in place. The hoof was cast firstly with the shoe in place.
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After shaving the hair, the hoof and the leg was lightly covered in Vaseline, so that
the mould could be removed without it being damaged.

The Plaster of Paris was applied to the hoof, attention being paid to the detail on the
sole and the heel bulbs.
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The mould was left to dry in air for approximately 12-14 hours.

This view shows the leg with the cast in place, drying. The deep flexor and
superficial tendons can be seen, as well as the cannon bone.
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When the mould had dried, it was cut through the centre with a 2mm grinding disc.
The two parts of the mould were then removed from the limb and left to dry further at
ambient temperature.

Shown here is the finished mould. There is a gap of 2mm at the centre. This is due to
the thickness of the grinding disc.
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The leg was thoroughly cleaned and the shoe was removed. The leg was again lightly
covered in Vaseline.

The Plaster of Paris was applied in the same manner as before.

Shown here is the mould prior to drying. Again, 12-14 hours elapsed before the
mould was removed.
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The finished mould was removed and placed alongside the first mould.

This close-up of one half of a mould shows the detail in the heel area. There is also
some residue of the Vaseline from the moulding process.
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Casting the hooves

The mould was coated with Vaseline. This acted as a release agent, so that the mould
could be separated from the casting. The mould was then put back into one piece,
using strips of plaster of Paris. It was then left to dry for a short amount of time, as
shown above.
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The plaster was thoroughly mixed and was then poured into the mould. The mould
was then vibrated for a short amount of time, in order to remove any air pockets,
which might be in the liquid plaster.

The mould was left to dry overnight. The next morning, the mould was cut down the
centre with a trimming knife. The two halves of the mould were then separated, and
the casting was removed.
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Shown above are the finished castings. Both were prepared at the same time.

The above pictures show the difference in detail in the sole area for the two castings.
The hoof on the left has no shoe, while the one on the right shows the detail of the
shoe.
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Making the prototypes

Hand made prototypes were manufactured following the successful casting of the
plaster hoof. It was proposed to make a hand-made aluminium mould by sand-casting
the plaster hoof. This would constitute the core/male section of the mould. The
female section of the aluminium mould was manufactured as shown below:

The picture above shows the work done in placing a 5 mm layer around the hoof in
order to sand-cast the female part of the aluminium mould.
Plasticine was rolled into 30 mm x 5 mm thick strips and the plaster hoof was covered
completely until there was an even amount of plasticine covering the plaster hoof.
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The plaster hoof was then covered in plaster of Paris, in the same manner as before.
The plaster cast was allowed to set and was then removed. The picture above shows
the covered hoof and the plaster cast.
Even when sand-cast in aluminium, the female part of the mould would require
reinforcement. This was achieved in the following manner:
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A wooden shutter was constructed and the plaster cast was put inside it. This would
mean that the outside shape of the prototype would be set inside a solid block of
material.
Plaster was then mixed and poured over the outside of the cast. This was carried out
on both sides. The finished plaster cast is as shown below:
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Moulding the first prototype

The parts of the mould were left on the heating press until they had reached a
temperature of approximately 170°C.
The mould was assembled and was clamped between the two heating plates.
The assembly was left for approximately one hour, in order for the heat to be uniform
in all parts of the mould.
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The rubber was cut into strips and placed around the core part of the mould as well as
the inside surface of one side of the mould.

The two parts of the mould were then placed one on top of the other and the assembly
was pressed together. It was left to cure for approximately 15 minutes at 168°C.

As can be seen, some of the rubber escaped through the hole in the top of the mould.
This created the problems discussed in Chapter 4 and further discussed here.
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Shown here is a sample of the prototype that was manufactured from the 40 irdh
rubber. As the photo shows the quality of the prototype was very poor.

Because the hole was in the top of the mould, the rubber part was not cured under the
ideal pressure conditions. This led to the rubber having a spongy quality, and poor
mechanical properties, as shown above.
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The quality of the IRHD 60 rubber prototype was much better than that of the IRHD
40.

Summary
A number of important things were learned from the exercise.
Firstly, because the rubber comes in sheet form and is pressed into the cavities, it is
necessary to make the mould a closed chamber, thereby allowing the products to cure
under the optimum conditions.
Also, because there were no locator pins in the mould, when the two parts of the
mould were pressed together, the top half became slightly skewed, as there was
nothing to stop it moving horizontally in relation to the bottom half.
The inclusion of sharp edges around the mould cavity will help in the removal of any
unwanted flares on the surfaces of the finished product.
The inclusion of a heating cartridge in the hoof part of the mould will help to establish
a uniform temperature in all parts of the mould when curing the rubber component.
The next prototype will be made from pure natural rubber, as it will be possible to
remove the products from the mould without having to cut them.
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Appendix H Published Work
The first paper in this appendix was presented and published in the proceedings of the
2002 International Materials and Tribology Conference (MT2002) in the Dublin
Institute of Technology. The second paper was presented and was published in the
proceedings of the 2002 International Manufacturing Conference, held in Queens
University, Belfast.
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Development of a boot for the treatment of problems in equine hooves.
Mr. John Hanley1, Dr. Gerry Woods1 and Dr. Steve Jerrams2
1. School of Manufacturing Engineering, Dublin Institute of Technology, Bolton
Street, Dublin 1
2. Head of Research, Dublin Institute of Technology, 30 Upper Pembroke Street,
Dublin 2

Abstract
The design and manufacture of a prototype equine boot are considered in this paper.
Thoroughbred horses may suffer from a number of serious hoof disorders. These
include stone bruising, navicular syndrome and hoof wall separation. Excessive
concussion in the equine hoof is a major contributory factor in most of the problems
horses experience in their lower limbs.
The boot will serve a number of purposes; it could play a part in faster healing of foot
ailments and will provide temporary protection during light working on hard surfaces
or at grass. Other unique features of the boot are to enhance performance, through
optimising shock absorption and to eliminate the need for unsafe fastening devices
that are typical of many designs currently available. The sides of the boot will be
made up of a highly elastic material while the sole of the boot will consist of a more
wear resilient compound. The manufacture and moulding of an initial prototype is
described, along with a discussion on how computer simulated models of horse
movement were generated. The measurement and digitising of a typical horses foot
and its modelling on a computer is discussed. Thereafter, manufacture and moulding
of an initial prototype is described along with a discussion on how computer
simulated models of horse movement were generated. The analysis and results from
these models will be used to identify points of stress on the foot and thus highlight
where shock absorption and strengthening are required in the boot construction. The
performance of different materials and boot design features will be examined through
the use of finite element analysis (FEA).
Some field test procedures are also discussed and how the results of these might be
compared with the computer simulated models is considered.
KEYWORDS: FEA, prototypes, equine boot

208

Introduction
Serious hoof disorders are more common in thoroughbreds than in other horses.
Disorders include stone bruising, navicular syndrome and hoof wall separation.
Excessive concussion in the equine hoof is known to be a major contributory factor in
most of the problems horses experience in their lower limbs. Minimising concussion
is a critical requirement as the following statement indicates.
“At the instant the hoof strikes the ground, it is rapidly decelerated, and this sends a
shock wave up the horse’s limb. The shock wave is characterized by having a high
amplitude and rapid vibration frequency; these characteristics make it particularly
damaging to the bones and joints. In horses, impact of the hoof with the ground is the
most important phase of the stride in relation to the development of degenerative joint
diseases, such as arthritis, which is the most frequent cause of premature retirement
from training and competition in dressage horses” [1].
“The front limbs bear the main brunt of concussion because it is they that take the
weight of the horse coming down from a jump, and also because they carry the
greater proportion of body weight”[2].
During walking or trotting on hard surfaces such as roads, the hoof is subject to
concussive forces greater than those experienced on softer ground. Horseshoes,
usually made from steel, are obviously not the optimum material for use on these hard
surfaces. An elastomeric material will dissipate shock loads far more efficiently than
steel, and provide much better traction with little or no change in the weight of the
foot protection.
The design and manufacture of an equine boot must fulfil the following design
criteria:
1. It will assist in faster healing after treatment for foot ailments.
2. The boot will have the potential to be used as a temporary protection during
light work (trotting on roads or hard surfaces, for example), or for short
periods while horses are without permanent shoes at grass.
3. It will act as a temporary protection for the horses hoof when a conventional
horseshoe is lost.
4. The boot should have performance improving capabilities by optimising shock
absorption and the functioning of the equine foot.
5. The boot must avoid the design faults of existing products. It must stay on and
must avoid rubbing or otherwise damaging the horse.
6. Fastening devices will be eliminated, or, if used, will be designed to be flush
with the body of the boot, minimising the likelihood of accidental damage.
7. The body of the boot must be constructed from a highly elastic material to grip
the wall of the hoof. The sole of the boot will require a far more durable yet
flexible material capable of withstanding considerable abrasive force.
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The inner wall of the boot will ideally be made up of a highly elastic material e.g.
(Natural Rubber (NR) IRDH hardness 40) while the outside must be more resilient
(NR 50-60). The sole will be made from a more wear resistant material, possibly
Neoprene (65 IRHD hardness). Figure 1 outlines the research process.
Investigation into conditions which influence lameness.
↓
Market research.
↓
Manufacture of first prototype.
↓
Simulation of horses movement.
↓
Evaluation of external and internal anatomy of the equine hoof.
↓
The measurement and digitisation of a horse’s foot.
↓
Initial FEA work.
↓
Determination how different potential boot materials will react to different loading conditions.
↓
Produce mould for field-testing boot.
↓
Perform field tests on prototype boots to evaluate their performance.
↓
Refine design and manufacture finished product reflecting appropriate material selection, economic manufacture, safety standards
and the design specification

Figure 1. Research plan
Market Research
In Ireland the use of boots as an alternative means of foot protection is uncommon. In
Continental Europe, North America and Australia, use of equine boots is more usual.
Boots are used as alternatives to shoeing, in aiding the transition of shod horses to
barefoot horses, as treatment of conditions arising from excessive concussion,
laminitis and as precautionary protection when trail riding.
There are many existing boots currently on the market, and there are a number of
problems associated with these existing designs. They are invariably expensive, are
unsuitable for horses with gait abnormalities (limbs striking each other during
motion), have dangerous and inefficient fastening mechanisms and damage the tissues
of the foot when excessive pressure is applied.
A number of Irish horse owners, farriers and trainers were surveyed and the following
details were noted. Of all those surveyed, 82% had not used products other than steel
shoes to protect their horses feet. Of the 18% who had, none were satisfied with the
respective products.There are approximately 70,000 horses in Ireland, 600,000 in
the UK, more than 3m in Australia and 6.9m in the US. The cost of shoeing one
horse for one year is €500-€800. Irish horse owners spend between €35m and €50m
per year on shoeing, so the need for an effective hoof boot and the potential size of the
market are both evident. (Refer to Figure 2.)
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Have you ever experienced any problems with
equine foot disorders?

Have you ever used alternatives to
shoeing?

6%

6%
12%

24%

yes, plastic
shoe
yes, glue-on
shoe

Yes
No

no

Rarely
70%

82%

Figure 2. Survey Results
Motion Analysis
It was necessary to analyse the behaviour of the equine limb during the stance phase
of the walk and trot to accurately analyse hoof behaviour. The limb of a walking
horse was simulated for the purposes of identifying the position of hoof-ground
contact in the equine foot during the stance phase of the walk. Studies of the segment
angles of the equine forelimb during the walk have been previously described [3].
The various segment angles of the walking horse were examined from the graphs [3],
then tabulated and translated from degrees per % stance (Figure 4) to degrees/second
per stride time. Further work was also carried out in Herbertstown Stud Farm in Co.
Kildare, where images of a trotting horse was captured using a high shutter speed
camera (Figure 3). The segment angles from this analysis will be used for the purpose
of animating a horse walking.

Figure 3. Trotting horse (Herbertstown Stud, Co. Kildare)
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Figure 4. Segment angle versus percentage stance for the equine hoof [3].
Figure 4 shows the angular positions of each segment of the limb as the hoof strikes
the ground, rotates from heel to toe and leaves the ground for the swing phase. From
0% to approximately 55% the hoof is stationary on the ground as the body of the
horse and the other segments move forward over it. At approximately 55% to 65%
stance breakover occurs. This is when the sole of the hoof rotates as weight is
transferred from the heel and mid sole to the toe. From 65% to 100 % stance the hoof
leaves the ground and swings outward until the heel strikes the ground.
The segments of the equine limb were modelled as cylinders in the VisualNastran
Desktop simulation package (Figure 5). The tabulated figures for angular velocity
and stride time were imported into VisualNastran, where they were applied to each
segment. The limb was modelled as a series of cylinders. Each section of the limb
was drawn to scale and modelled in Nastran. Thickness could be changed at any time
afterwards.
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Figure 5. Leg modelled as cylinders in
visualNastran

Figure 6. Creating co-ordinates at
the ends of the segments.

Each segment was given co-ordinates for each end. This was for the purpose of
creating constraints between each segment (Figure 6). With the co-ordinates now in
place at each end, constraints could be created between each segment. Two coordinates, one at the end of one segment, the other at the end of the next adjacent
segment face were selected and the create constraint wizard was used. Figure 7
shows the various constraint type options that are available.

Figure 7. Creating constraints in visualNastran.
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Once constraints had been created between all of the segments, the motion of the leg
had to be simulated. Using the tabulated values from [3], values of angular velocity
with respect to time were applied to each segment of the limb model.

Figure 8. Applying a prescribed motion to a limb segment.
Firstly, the ‘Prescribed Motion’ dialog box was ticked. This opened a window where
the angular velocity (Wy) coordinate box was ticked. The tabulated values of angular
velocity and time could then be inputted (Figure 8).
Another requirement for the model was that it had to have a forward velocity. Also,
as the leg moves forward in reality the position of the shoulder changes in the vertical
direction. An extra segment was added to the model and was given a forward
velocity. By running the model and monitoring the position of the hoof during the
stance phase of the walk, it was possible to transfer this data to the shoulder part of
the model, using the assumption that the hoof remains in contact with the ground
during the stance phase.
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Figure 9. Model of moving equine limb segments in visualNastran.
Figure 9 above shows that the limb model has a forward velocity as well as six
separate angular velocities, which is observed by the position of the X and Z datum
lines in the figure. By simulating the movement of the leg, values for the angular
position of the joints and the position of the body mass could be identified, tabulated
and graphed. This data can then be used in the finite element analysis in order to
simulate the forces experienced by the hoof.

Model Creation
A plaster model of the equine lower limb was created (Figure 10). This model served
two purposes; firstly, it would be used to digitally create a computer model of the
equine hoof and secondly, hand-made prototype boots could be manufactured from
the model for the purposes of material selection and pursuing different design
concepts.

Figure 10. Plaster model of hoof.
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The equine limbs were obtained in an abattoir in Straffan Co. Kildare. A hoof was
then chosen from several others as being a good representation of a typical horses
hoof, with regard to size, shape and conformation (Figures 11 and 12).

Figures 11 and 12. The selected hoof prior to the mould and casting.

How the moulds were created.
The hairline around the coronet band and also the hair around the heels were shaved
as shown in figure 11 above. This was to ensure that the plaster cast did not stick to
the hair. This picture shows the hoof prior to the first casting. As can be seen the
shoe was still in place. The hoof was cast firstly with the shoe in place (Figure 12).
After shaving the hair, the hoof and the leg was lightly covered in Vaseline, so that
the mould could be removed without it being damaged. The Plaster of Paris was
applied to the hoof, attention being paid to the detail on the sole and the heel bulbs.
The mould was left to dry in air for approximately 12-14 hours. When the mould had
dried, it was cut through the centre with a 2mm grinding disc. The two parts of the
mould were then removed from the limb and left to dry further at ambient
temperature. The finished mould had a gap of 2mm at the centre. This was due to the
thickness of the grinding disc.
Following the casting of the hoof with the shoe in place a second mould was prepared.
The leg was thoroughly cleaned and the shoe was removed. The leg was again lightly
covered in Vaseline. The Plaster of Paris was applied in the same manner as before,
before filling the mould with casting plaster once more. Again, 12-14 hours elapsed
before the mould was removed. The finished mould was removed and placed
alongside the first mould prior to pouring the plaster.
Casting the hooves
The mould was coated with Vaseline. This acted as a release agent, so that the mould
could be separated from the casting. The mould was then put back into one piece,
using strips of plaster of Paris. It was left to dry for a short time.
The plaster was thoroughly mixed and poured into the mould. The mould was then
briefly vibrated, in order to remove any air pockets that might be in the liquid plaster.
The mould was left to dry overnight. After drying, the mould was cut down the centre
with a trimming knife. The two halves of the mould were then separated, and the
casting removed. Figure 13 shows the process of creating the final plaster models.
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Figure 13. How the plaster moulds and models were created.

First Prototype
Hand-made prototypes were manufactured following the casting of the plaster hoof
(Figure 14). The prototype was made from natural rubber. However, this prototype
contained too much porosity. Also, physical properties could not be varied
throughout the part. This boot proved to be unsatisfactory.
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Figure 14. Manufacture of first prototype.
The prototype represented one of several shoe sizes for horses based on a number of
critical measurements. Existing boot manufacturers currently make standardised
products and it is likely that the prototypes will also be made in a similar range of
sizes. Since hooves are of an elliptical shape they can be scaled into general sizes by
factoring in a number of critical dimensions.
Internal Modelling
The hoof that was used to manufacture the initial prototype was sectioned for the
purposes of investigating the size and position of the internal components of the foot.
By tracing the sections and modeling each anatomical part, it is possible to attempt a
more realistic finite element analysis of the hoof (Figure 15).

Figure 15. How the internal hoof anatomy was modelled.
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3-D modelling of the hoof
The hoof was digitised using the Microscribe Desktop Digitising system, which
linked to the Rhinoceros CAD package. The plaster hoof model was fixed to a desk
and the stylus of the digitiser was moved over the model, creating a series of curves in
the Rhinoceros view ports. Surfaces were then created from the curves and points.
The hoof surfaces were then converted to solids, resulting in a solid model of the
hoof. The digitised hoof was imprecise. As a result, it was proposed to create a
number of surfaces using a Renishaw Cyclone scanner. The plaster model of the hoof
was mounted on the Cyclone scanning machine and three patches were scanned, each
patch at 90 degrees to the other (Figure 16). From the scanned data, surfaces were
created and then joined to form the solid model of the hoof.

Figure 16. Creation of solid model.
The solid model will be able to fulfill a number of objectives. Firstly, it can be
imported into the MSC Marc finite element analysis package, where contact between
hoof and ground can be simulated, thus showing where strengthening will be required
in the boot and also where the material properties should be varied in the sole.
Secondly, the hoof model can be used in the manufacture of moulds for the boot,
where it would essentially form the core part of the mould. By scaling the model it
should also be possible to create a standard number of sizes that the boot could be
made in.
Future Work
The performance of the first prototype was unsatisfactory. By using finite element
analysis however, the appropriate material selections can be made. The FEA will

219

analyse two models, firstly the solid model of the hoof, and also a model containing
the internal components. The model will be loaded using the existing data along with
the data obtained from the limb simulation. The analysis will firstly involve
investigating how the load is distributed on the unshod hoof. Further analysis will
investigate how different materials will reduce the loads transmitted. A range of
mould sizes will be produced using scaling of the computer model to facilitate the
machining of the core part of the mould. Prototype boots will then be tested in the
field on a number of horses. The tests will take account of various sizes, ages, and
breeds. The field tests will be used to see how the boot performs. Important areas of
interest in the field testing will be to see how well the boot stays on, whether it causes
discomfort to the horse and how it performs with regard to wear and traction. When
this work has been completed the final design will be selected and boots will be
produced which will reflect economic manufacture and appropriate safety standards.
Conclusions
When the analysis has been carried out and the field tests are complete a final design
for the boot will exist. The sole of the boot will be hard wearing and provide good
traction. The hardness of the sole will vary from hard to soft throughout its section
for the purpose of dissipating shock forces to the hoof. The sides will be made from a
highly elastic material that will grip the hoof wall. There may also be a different
material at the rear of the boot that will allow for expansion of the heels without
causing irritation to the sensitive flesh on the heel bulbs. Clamping devices, if used,
will be flush with the body of the boot and will allow the clamping force to be spread
over a large area, as opposed to existing designs, where the clamping is localized and
can cause bruising.
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ABSTRACT
This study describes the design, manufacture and analyses of a working
prototype for an equine boot. This boot is made from materials that impart varying
characteristics from its interior to its exterior. Although many types of equine boots
are on the market, they are invariably expensive, awkward, and unsafe.
This paper highlights the need for and commercial potential of an improved design
which could play a part in faster healing from foot ailment, or to provide temporary
protection while light working or at grass.
Other unique features of the boot are to enhance performance, through optimising
shock absorption, and to eliminate the need for unsafe fastening devices that are
typical of many designs currently available.
The interior of the boot is made up of a highly elastic material e.g. (Natural Rubber
(NR) IRDH hardness 40) while the outside is more resilient (NR 50-60). The sole is
made from a more wear resistant material, possibly Neoprene (65 IRHD hardness) or
NR 65.
The measurement and digitising of a typical horses foot and its modelling on a
computer is presented.
The manufacture and moulding of an initial prototype is described in some detail
along with a discussion on how computer simulated models of horse movement were
generated. The analysis and results from these models were used to identify points of
stress on the foot and thus highlight where shock absorption and strengthening are
required in the boot construction.
The performance of different materials and boot design features are examined through
the use of finite element analysis (FEA).
Some field test procedures are also discussed and how the results of these might be
compared with the computer simulated models.
The paper will conclude with suggestions for a final design.
KEYWORDS: locomotion, product design, elastomers, finite element analysis
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Introduction
Thoroughbred horses may suffer from a number of serious hoof disorders. These
include stone bruising, navicular syndrome and hoof wall separation. Excessive
concussion in the equine hoof is known to be a major contributory factor in most of
the problems horses experience in their lower limbs.
At the instant the hoof strikes the ground, it is rapidly decelerated, and this sends a
shock wave up the horse’s limb. The shock wave is characterized by having a high
amplitude and rapid vibration frequency; these characteristics make it particularly
damaging to the bones and joints. In horses, impact of the hoof with the ground is the
most important phase of the stride in relation to the development of degenerative joint
diseases, such as arthritis, which is the most frequent cause of premature retirement
from training and competition in dressage horses.1 The front limbs bear the main
brunt of concussion because it is they that take the weight of the horse coming down
from a jump, and also because they carry the greater proportion of body weight.2
When walking or trotting on hard surfaces, such as roads, the hoof experiences
concussive forces greater than those experienced on softer ground. Horseshoes,
usually made from steel, are obviously not the optimum material for use on these hard
surfaces. An elastomeric material would dissipate these shock concussive forces far
more efficiently than the steel, while providing much better traction with little or no
change in the weight of the foot protection.
It is proposed to design an equine boot which will cover the sides of the hoof while
having a sole which will be made from a material which will fulfil the following
design criteria:

8. It would assist in faster healing after treatment for foot ailments.
9. The boot would have the potential to be used as a temporary protection during
light work (trotting on roads or hard surfaces, for example), or for short
periods while horses are without permanent shoes at grass.
10. It would act as a temporary protection for the horses hoof when a conventional
horseshoe is lost.
11. The boot should have performance improving capabilities by optimising shock
absorption and the functioning of the equine foot.
12. The boot must avoid the design faults of existing products. It must stay on and
must avoid rubbing or otherwise damaging the horse.
13. Fastening devices will be eliminated, or, if used, will be designed to be flush
with the body of the boot, minimising the likelihood of accidental damage.
14. The body of the boot must be constructed from a highly elastic material to grip
the wall of the hoof. The sole of the boot will require a far more durable yet
flexible material capable of withstanding considerable abrasive force.
There are a number of existing boots currently on the market. These include Old
Mac’s, Easyboots and Horsneakers. There are a number of problems associated with
these existing designs. They are invariably expensive, are unsuitable for horses with
gait abnormalities, have dangerous and inefficient fastening mechanisms and damage
the tissues of the foot when excessive pressure is applied.
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Market Research
In Ireland the use of boots as an alternative means of foot protection is rare.
Approximately 100 horse owners, farriers and trainers were surveyed and 82% had
not used products other than steel shoes to protect their horses feet. Of the 18% who
had, none were satisfied with the respective products.There are 70,000 horses in
Ireland, 600,000 in the UK, more than 3m in Australia and 6.9m in the US.
The cost of shoeing one horse for one year is €500-€800. Irish horse owners spend
between €35m and €50m per year on shoeing.

Have you ever experienced any problems with equine foot
disorders?

Have you ever used alternatives to
shoeing?

6%

6%

12%

24%

yes, glue-on
shoe

Yes
No
Rarely
70%

no

82%

Fig. 1 Survey Results
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yes, plastic
shoe

Model Creation
A plaster model of the equine lower limb was created. This model served two
purposes; firstly, it would be used to digitally create a computer model of the equine
hoof, and secondly, hand-made prototype boots could be manufactured from the
model for the purposes of material selection and pursuing different design concepts.
The equine limbs were obtained in an abattoir. A hoof was then chosen from several
others as being a good representation of a typical horses hoof, with regard to size,
shape and conformation.
A plaster cast was taken from the limb and this cast was then filled with casting
plaster to get the model of the hoof.

Fig 2. Hoof chosen for plaster model.

Fig 3. Plaster model of hoof.

Mould Creation
Hand made prototypes were manufactured following the casting of the plaster hoof. It
was proposed to make a hand-made aluminium mould by sand-casting the plaster
hoof and its inverse shape. This would constitute the core/male section of the mould.
Plasticine was rolled into 30 mm x 5 mm thick strips and the plaster hoof was covered
completely until there was an even amount of plasticine covering the plaster hoof.
A wooden shutter was constructed and the plaster cast was put inside it. This would
mean that the outside shape of the prototype would be set inside a solid block of
material.
Plaster was then mixed and poured over the outside of the cast. This was carried out
on both sides. The plaster hoof and the plaster mould were then cast in aluminium
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using the sand casting process. The three components were sand-cast in the same
manner; the hoof and the two female parts of the mould.

Fig 4. Aluminium mould for prototypes.
The mould was brought to DIS Enbi Seals in Portlaoise, Co. Laois. The rubber was
blended and the prototypes were produced. The first prototypes were made from
Natural Rubber with a small percentage of EPDM rubber. The mould was left on a
heating press for approximately one hour, in order for the heat to be uniform in all
parts of the mould.
Rubber sheets were placed inside the mould and the two halves of the mould were
pressed together. The component was left to cure for approximately 15 minutes at
168°C.
The boots made from the process were undesirable for use as the properties were
uniform throughout, and the components had to be cut in order to remove them from
the mould.
A number of improvements were then made to the mould.
The inclusion of sharp edges around the mould cavity would help in the removal of
any unwanted flares on the surfaces of the finished product.
The next prototype would be made from pure natural rubber, as it will be possible to
remove the products from the mould without having to cut them. Also, the properties
of the rubber would be varied throughout the mould in order to give the desired
properties, such as wear resistance on the sole and good elasticity on the sides of the
boot.
The mould produces boots which will fit one specific shoe size. There are 9 shoe
sizes for horses of which this is one. Existing boot manufacturers currently make
standardised products and it is hoped that the prototypes will also be made in a similar
range of sizes.
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Motion Analysis
Once the mould had been completed, it was necessary to analyse the behaviour of the
equine hoof during the stance phase of the walk and trot.
The limb of a walking horse was simulated for the purposes of identifying the position
of hoof-ground contact in the equine foot during the stance phase of the walk. Studies
of the segment angles of the equine forelimb during the walk have been previously
described (Clayton et al. 2001). Further work was also carried out in Herbertstown
Stud Farm in Co. Kildare, with the help of Jimmy Robinson from DIT Kevin Street,
where images of a trotting horse was captured using a high shutter speed camera.

Fig 5. Trotting horse (Herbertstown Stud, Co. Kildare)
The various segment angles of the walking horse were examined from the graphs3,
then tabulated and translated from degrees per % stance to degrees/second per stride
time.

Segment Angle vs. % Stance
40
30

Segment Angle,
Degrees

20
10
0
-10 0

20

40

60

80

100

-20
-30
-40
-50
-60

% Stance

Fig 6. Segment angle versus percentage stance for the equine hoof (Ref: Clayton et
al.3).
The graph show the angular position of the hoof as it strikes the ground, rotates from
heel to toe and leaves the ground for the swing phase. From 0% to approximately
55% the hoof is stationary on the ground as the body of the horse and the other
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segments move forward over it. At approximately 55% to 65% stance breakover
occurs. This is when the sole of the hoof rotates as weight is transferred from the heel
and mid sole to the toe. From 65% to 100 % stance the hoof leaves the ground and
swings outward until the heel strikes the ground.
The segments of the equine limb were modeled as cylinders in the visualNastran
Desktop simulation package. The tabulated figures for angular velocity and stride
time were imported into visualNastran, where they were applied to each segment.

Fig 7. Model of moving equine limb segments in visualNastran.
By simulating the movement of the leg, values for the angular velocity of the joints
and the position of the body mass could be indentified and tabulated.

228

3-D modelling of the hoof
The hoof was digitised using the Desktop Digitising system, which linked to the
Rhinoceros computer package. The plaster hoof model was fixed to a desk and the
stylus of the digitiser was moved over the model, creating a series of curves in the
Rhinoceros viewports. Surfaces were then created from the curves and points. The
hoof surfaces were then converted to solids, resulting in a solid model of the hoof.
The digitised hoof was inaccurate however, so it was proposed to create a number of
surfaces using MTM scanner. The plaster model of the hoof was mounted on the
MTM scanning machine and three patches were scanned, each patch at 90 degrees to
the other. From the scanned data, surfaces were created and then joined to form the
solid model of the hoof.

Fig 8. Solid model of hoof created in Rhinoceros.
The solid model will be able to fulfill a number of objectives. Firstly, it can be
imported into the MSC Marc finite element analysis package, where contact between
hoof and ground can be simulated, thus showing where strengthening will be required
in the boot and also where the material properties should be varied in the sole.
Secondly, the hoof model can be used in the manufacture of moulds for the boot,
where it would essentially form the core part of the mould. By scaling the model it
should also be possible to create a standard number of sizes which the boot could be
made in.
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Conclusions
Further work which will have to be carried out in order to optimize the materials
which will be used in the design and manufacture of the boot. The points in the foot
where the maximum stresses are present during the stance phase of the walk and trot
will have to be identified and materials which have optimum damping, traction and
wear resisting properties will be used in the simulation to design the sole of the boot.
Prototype boots will then be manufactured to a number of standard sizes and will be
tested in the field to see how they perform. Various methods of keeping the boot on
the foot will also be investigated as well as the protection of the sensitive structures of
the foot.
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